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Preface

Standard Reference Materials (SRMs), as defined by the National Institute of Standards
and Technology (NIST), are well-characterized materials produced in quantity and certified for
one or more physical or chemical properties. They are used to assure the accuracy and
compatibility of measurements throughout the Nation. SRMs are widely used as standards in
many diverse fields in science, industry, and technology, both within the United States and
throughout the world. They are also used extensively in the fields of environmental and clinical
analysis. In many applications, traceability of quality control and measurement processes to the
national measurement system is carried out though the use of SRMs. For many of the Nation’s
scientists and technologists, it is therefore of more than passing interest to know the details of
the measurements made at NIST in arriving at the certified values of the SRMs produced. The
NIST Special Publication 260 Series is a collection of publications reserved for this purpose.

The 260 Series is dedicated to the dissemination of information on different phases of the
preparation, measurement, certification, and use of NIST SRMs. In general, much morc detail
will be found in these publications than is generally included in scientific journal articles. This
enables the user to assess the validity and accuracy of the measurement processes employed, to
judge the statistical analysis, and to learn details of techniques and methods utilized for work
entailing the greatest care and accuracy. These publications also should provide sufficient
additional information so SRMs can be utilized in new applications in diverse fields not foreseen
at the time the SRM was originally issued. '

Inquiries concerning the technical content of this publication should be directed to the
author(s). Other questions concerned with the availability, delivery, price, and so forth, of
NIST SRMs will receive prompt attention from:

Standard Reference Materials Program
Building 202, Room 204

National Institute of Standards and Technology
Gaithersburg, MD 20899

Thomas E. Gills, Acting Chief
Standard Reference Materials Program
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Abstract

This publication describes the various factors that can affect the proper functioning of a
spectrophotometer and suggests procedures to assess and control these factors. Particular
consideration is given to the long- and short-term stability of a spectrophotometer; wavelength
accuracy, spectral bandpass, stray radiation, and the accuracy of the transmittance or absorbance
scale. A description is given of the Standard Reference Materials (SRMs) that can be used to
control these factors. The methods for the preparation, certification, and use of two such
materials (SRM 930 and SRM 1930) are also presented. The results obtained in the actual use
of these SRMs are examined in some detail. An Appendix contains the reproduction of several
publications and Certificates relevant to the subject discussed in this publication.

Keywords: Accuracy in absorption spectrophotometry; glass filters; spectral bandpass;
spectrophotometry; standard reference materials; stray radiation; testing of spectrophotometers;
transmittance (absorbance) accuracy; wavelength accuracy.

Disclaimer

This publication is a contribution from the U.S. Government and hence is not subject to
copyright. The identification of specific commercial instruments and products is given only to
permit reproduction of the work described in this paper. In no instance does such identification
imply recommendation or endorsement by the National Institute of Standards and Technology,
nor does it imply that the particular equipment or product is necessarily the best available for
the purpose.
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Foreword

Since its inauguration in 1901, the National Institute of Standards and Technology
(NIST), formerly the National Bureau of Standards (NBS), has issued nearly 2000 different
Standard Samples or Standard Reference Materials (SRMs). Many of these have been renewed
several times; others have been replaced or discontinued as technology changed. Today, over
1000 SRMs are available, together with a large number of scientific publications related to the
fundamental and applied characteristics of these materials. [Each material is certified for
chemical composition, chemical properties, or its physical or mechanical characteristics. Each
SRM is provided with a Certificate or a Certificate of Analysis that contains the essential data
concerning it properties or characteristics. The SRMs currently available cover a wide range
of chemical, physical, and mechanical properties, and a corresponding wide range of
measurement interests in practically all aspects of fundamental and applied science. These SRMs
constitute a unique and invaluable means of transferring to the user accurate data obtained at
NIST, and provide essential tools that can be used to improve accuracy in practically all areas
where measurements are performed.

In addition to SRMs, the National Institute of Standards and Technology issues a variety
of Reference Materials (RMs) which are sold, but not certified by NIST. They meet the ISO
Guide 30-1981 (E) definition for RMs, and many meet the definition for CRMs. The
documentation issued with these materials is either a: (1) "Report of Investigation,” the sole
authority being the author of the report. RMs are intended to further scientific or technical
research on particular materials. The principal consideration in issuing. RMs is to provide a
homogeneous material so that investigators in different laboratories are assured that they are
investigating the same material. (2) "Certificate," issued by the certifying agency (other than
NIST), e.g., other national laboratories, other government agencies, other standardizing bodies,
or other non-profit organizations. When deemed to be in the public interest and when alternate
means of national distribution do not exist, NIST acts as the distributor for such materials.

Further information on the reference materials available from NIST may be obtained
from the Standard Reference Materials Program, National Institute of Standards and Technology.
Information on other NIST services may be obtained from Technology Services, National
Institute of Standards and Technology, Gaithersburg, MD 20899.

In addition to these types of materials, NIST provides a number of additional services.
These include: Calibration and Related Measurement Services, National Standard Reference
Data System, Accreditation of Testing Laboratories, National Center for Standards and
Certification Information, Weights and Measures Program and Proficiency Sample Programs.
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Part One
1. GENERAL

The need for reference materials to verify the accuracy of measurements in molecular
absorption spectrometry (or spectrophotometry*) has been associated with the early stages of
development of this analytical technique since its beginning. It is only in the recent years,
however, that accurately calibrated Standard Reference Materials (SRMs) have become available
to verify the accuracy of the transmittance and wavelength scales of conventional
spectrophotometers and to assess the amount of stray radiant energy in those instruments.

To underline the importance of this factor, it is perhaps useful to remember that in the
field of clinical chemistry alone, more than 1,000,000 spectrophotometric tests were performed
daily in the United States in the late 1960°s and early 1970’s. Today, at an estimated growth
rate of 15 percent per year, the number of analytical measurements performed in the clinical
laboratories in this country is on the order of several billion per year [2].

Solid materials in the form of glasses with adequate optical transmittance characteristics,
such as Chance ON-10, Schott NG-4, etc., or liquid compounds such as pyrene or p-nitrophenol,
and solutions of inorganic compounds such as potassium dichromate, cobalt ammonium sulfate,
or holmium oxide were used extensively in intralaboratory tests to assess the precision of
spectrophotometers used within a particular laboratory. When these materials were used to
verify the proper functioning of such instruments on an interlaboratory basis, however, the
results indicated that rather poor accuracy was obtained for both wavelength and transmittance
values. This situation was confirmed by numerous and extensive interlaboratory tests, and the
detailed results were described in a number of publications. The critical paper by Rand in 1969
[3], the extensive monograph edited by Burgess and Knowles [4], the papers cited in references
5-9, and the more recent work edited by Burgess and Mielenz [10] are relevant.

All determinations that use spectrophotometry are based on the measurement of the
optical transmittance of the analytical samples. The accurate measurement of this parameter is
an essential requirement, especially when used to establish the optical characteristics of the
material, such as the molar absorptivity, and also in enzyme studies and dosimetry.
Transmittance accuracy is also indispensable for interlaboratory exchange and comparison of
analytical data. As a result of this situation and the numerous requests from the users of
spectrophotometers, and from clinical chemists in particular, the National Bureau of Standards
(NBS) initiated in 1969 a project to study the various factors that affcct thc accuracy of
spectrophotometric measurements, and to provide means to identify, assess, monitor, and, if
possible, decrease the uncertainty of such measurements [11]. In fact, this project was an
extension of the pioneering activity in the general field of spectrophotometry that existed at the
National Bureau of Standards since the early 1920’s [12] and has continued uninterrupted to the
present time.

* The nomenclature used in this paper is defined in reference 1.



The sources of variance that are responsible for the uncertainty of spectrophotometric
measurements were identified as wavelength accuracy, spectral bandpass, radiation pathlength,
stray radiant energy, transmittance scale accuracy, and polarization effects of the instrument.
Since no adcquatc instrumentation was available to study these parameters individually in a
quantitative manner and with a proven accuracy, it was decided to design and construct a special
high-accuracy spectrophotometer for this purpose. This research instrument was completed and
tested in 1970, and it has been used since then for the certification of all the SRMs for
transmittance and stray radiant energy produced to date at NIST. A condensed description of
this instrument is given in the following section.

1.1  Description of the High-Accuracy Spectrophotometer

The high-accuracy spectrophotometer [13-16], located in the Inorganic Analytical
Research Division (JARD), is a single-beam instrument and is illustrated in figure 1. Its major
components, described only briefly here, are: (a) a radiation source; (b) a monochromator; (c)
a sample holder; (d) a system to verify the accuracy of the transmittance measurements; (€) an
integrating sphere-photomultiplier unit connected to a digital voltmeter; and (f) a data acquisition
and display system. A circular neutral wedge, located between the radiation source and the
entrance slit of the monochromator, is used to select various levels of radiation flux required by
the measurements. Quartz-lithium fluoride achromats are used as objectives to produce the
necessary beam geometries.
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Figure 1.  Schematic illustration of the IARD single-beam, high-accuracy spectrophotometer.
The double-aperture unit is placed on the optical bench only when linearity
measurements are performed.



The radiation source for the spectral range of 400-1000 nm is a ribbon tungsten filament
lamp powered by a constant current source. The stability of this current is monitored with a
potentiometer capable of detecting changes of 2-3 parts in 10°. For the ultraviolet region from
200 to 400 nm, a deuterium discharge lamp is used. These two light sources are
interchangeable, and their images can be directed onto the entrance slit of the monochromator
using a mirror at 45°.

The monochromator is a 1-m Czerny-Turner grating instrument provided with a quartz
prism predisperser, functioning as a double monochromator to reduce stray radiant energy.
These parts are illustrated in figure 2.

The sample-carrying system provides for manual measurements of one sample and its
blank, or of seven samples and eight blanks in a sequential order. They can be operated
manually or automatically using a microcomputer. The integrating sphere, placed at the end of
the optical path, is made from a hollow aluminum sphere provided with a target coated on the
inside with BaSO,. The image of the exit slit of the monochromator is projected onto the target
of the integrating sphere (see fig. 3) to which an end-on photomultiplier (PM) tube detector is
attached.

The data acquisition and presentation system consists of a digital voltmeter capable of
taking 40 readings per second. The radiation fluxes obtained for the sample I, and for the
reference beam I passing through air (I, ,;) for solid materials or the blank sample (I, pjank)

for solutions, are used by the microcomputer to calculate transmittance T, , or internal
o air
transmittance T;, 7 I , and the corresponding values of transmittance density,
o blank

(-log;oT), or absorbance, (-logoT;), respectively. The microcomputer also controls all of the
measuring sequences including wavelength settings, neutral wedge adjustments, stepping of the
sample carousel, and transmittance measurements.

An essential element of this instrumentation is the system for verifying the accuracy of
the transmittance measurements. As mentioned previously, the radiation fluxes passing through
the sample and reference channels generate corresponding photocurrents i and i,, respectively,
at the photomultiplier. These photocurrents are substimted for T and I, in the above
transmittance expression, and their ratio is the optical transmittance value for the material
measured. If these photocurrents can be measured accurately, then the optical transmittance
value will be accurate, provided wavelength accuracy, radiation pathlength accuracy, adequate
spectral bandpass, and freedom of stray radiant energy have been achieved.

A necessary relationship, which is implicit for the accurate measurement of photocurrent,
is that the detector photocurrent be a linear function of the radiation flux. This is illustrated in



Figure 2.

Arrangement of the two radiation sources used with the IARD high-accuracy
spectrophotometer. A low power laser beam is used to verify the alignment. At
left: the tungsten filament lamp for measurements in the visible. On the optical
bench: deuterium low pressure discharge source for measurements in the
ultraviolet. Also on the optical bench: the 45° mirror and the circular neutral
wedge. At right: the 1-m Czerny-Turner spectrometer provided with the
predisperser and stepping motor shaft encoder. The sample holder, integrating
sphere-photomultiplier unit, and the two achromat objectives are placed on optical
beneh located in the light-tight enclosure visible at the rear. Also at right: the
console containing the electronic and pneumatic controls.



Figure 3.  Circular platform holding seven cuvettes or filter holders. An improved unit (not
illustrated) is provided with eight additional cuvettes or filter holders for the blank
samples. At right: one of the two lithium fluoride-quartz achromats and the
integrating sphere-photomultiplier unit.

the simple graph in figurc 4. Thc abscissa rcpresents arbitrary radiation fluxes IF, and the
ordinate represents the relative photocurrent signals I. In the ideal case, when F=0, then I=0.
For a certain value of F, called here arbitrarily 100 percent, there corresponds a maximum
value of the photocurrent 1. These determine two fixed points on the graph, and any
measurement of radiant flux will be accurate if it falls on the straight line which connects the
origin 0 with the 100-percent point.

Various methods may be used to measure the linearity of these photocurrents. A
technique based on the radiation-addition principle using two apertures was selected for its
simplicity and freedom from errors [17]. The two-aperture system consists of a metal plate
provided with two rectangular windows A and B (see fig. 5). Each window can be closed by
shutters operated remotely through pneumatic controls. This aperture system is placed past the



Photocurrent

Radiation Flux

Figure 4.  Illustration of the relation between radiation fluxes F and corresponding
photocurrents I in an ideal case.

cxit slit of the monochromator and always within the optical solid angle of the instrument. The
image of the apertures is then produced on the target of the integrating sphere.

The linearity verification consists of measuring the photocurrent produced with aperture
A open and B closed; then B open and A closed; and finally with both apertures A and B open.
If the system is linear, the sum of the photocurrents obtained with apertures A and B open
separately should be equal to the photocurrent obtained when both apertures A and B are open
at the same time. If this is not the case, the system shows a nonlinearity which is proportional
to the amount by which the sum of (A) + (B) differs from (A + B). This difference is then
used to correct the transmittance measurements. This operation is repeated over the range of
transmittance levels needed. During the individual measurement of (A), (B), and the combined
(A + B), experimental conditions must not change (see Appendix 2). A critical study by K.D.
Mielenz and K.L. Eckerle [18] has concluded that the possible causes of errors generated by
optical diffraction and interferences occurring at the apertures of the double-aperture unit will
not affect the accuracy of the measurements at 1 part in 10°.
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Figure 5. View of the double-aperture unit for linearity testing. The two pneumatically-
controlled shutters are located on the plate. One aperture is open, the other is
closed.



The stability of the various electronic and optical parts of the IARD high-accuracy
spectrophotometer was determined and the results are summarized in table 1. From these data
it can be concluded that the transmittance of a stable glass filter, which has a nominal percent
transmittance ranging from 10%T to 50%T, can be determined with an uncertainty of 1 part in
10*. Since the same uncertainty is obtained when the linearity of the photocurrent is measured
as described above, the accuracy of the transmittance is also assessed with an uncertainty of 1
part in 10* over this same transmittance range.

Table 1. Summary of the Functioning Characteristics of the IARD
High-Accuracy Spectrophotometer

® Stability of the electronic system 1 to 2 parts in 10°
® Stability of the electronics and PM tube (dark) 4 parts in 10°
® Stability of electronics, PM tube, and radiofluorescent source 7 parts in 10°
® Stability of electronics, PM tube, and tungsten ribbon filament 2.2 parts in 10*
® Reproducibility of transmittance measurements 1 part in 10%

A similar high-accuracy spectrophotometer, designed by K.D. Mielenz et al. [19], was
constructed and is used in the NIST Radiometric Physics Division (RPD) for the study of various
physical parameters in spectrophotometry [20]. This RPD instrument differs from the JARD
spectrophotometer described here in that it uses reflecting rather than refracting optics. Some
of the parameters studied on the RPD research instrument are: interreflection phenomena,
polarization, homogeneity of the photomultiplier sensitive surface, effectiveness of integrating
spheres and diffusers, scatter and homogeneity of transparent solid optical filters, calibration of
glass wavelength filters, etc. The RPD reference instrument is also used from time to time to
verify the transmittance measurements performed with the IARD high-accuracy
spectrophotometer.



1.2  Standard Reference Materials

The high-accuracy spectrophotometer housed in the Inorganic Analytical Research
Division is described in this publication because it is a primary transmittance standard. The only
way known to us by which the accurate transmittance values determined with this instrument can
be transferred to the users of spectrophotometers is with the help of Standard Reference
Materials, or SRMs. These SRMs are defined as "reference materials, one or more of whose
property values are certified by a technically valid procedure, accompanied by or traceable to
a certificate or other documentation which is issued by a certifying body," and their objective
is to assure the accuracy and compatibility of measurements by transferring to the user the
accurate values obtained at NIST.

A number of liquid and solid optical SRMs for the spectral range from 200-800 nm have
been prepared and certified at NIST for the verification of the accuracy of the wavelength and
transmittance scales of conventional spectrophotometers, and for assessing the stray radiant
energy. Standard Reference Materials for fluorescence spectrometry are also available. A
summary of the major characteristics of these optical filter SRMs, together with information on
the publications prepared at NIST that describe in detail the selection, characteristics,
preparation, calibration procedures, and uses of these materials, is given in table 2. This
publication gives a detailed description of the materials and methods used to produce and certify
SRM 930 and SRM 1930, Glass Filters for Spectrophotometry.

The reader who is interested in the more fundamental problems associated with
high-accuracy spectrophotometry and luminescence measurements is advised to consult the
publications listed in references 21 and 22, including the papers mentioned in those publications.
Reprints from several papers closely related to the subject discussed in this publication are
reproduced here in the Appendices as a convenience to the reader. The Certificates for the
optical SRMs described in table 2 are also reproduced in the Appendices.



Table 2. Standard Reference Materials for Spectrophotometry Provided by the
National Institute of Standards and Technology

SRM

Material

Composition

Transmittance (Solids)

SRM 930
Glass Filters for
Spectrophotometry

Solid filters made of Schott NG-4 and NG-5
optically neutral glass. Obtained from the
Schott-Jenaer Glaswerk, Mainz, Germany

Three filters with nominal percent
transmittances of 10, 20 or 30%. Each filter
is mounted in a black-anodized aluminum
alloy holder provided with front and rear
shutters. The filters are stored in a
cylindrical aluminum alloy container.

SRM 1930
Glass Filters for
Spectrophotometry

Solid filters made of Schott NG-3 and NG-
11 optically neutral glass. For further
information, see above.

Three filters with nominal percent
transmittances of 1, 3 or 50%. For further
information, see above.

SRM 2031
Metal-on-Quartz Filters for
Spectrophotometry

Solid fiters made of semi-transparent,
evaporated chromium-on-fused silica (non-
fluorescent) plates.

Three filters with nominal percent
transmittances of 10, 30 or 80%. Each filter
is made from two fused-silica plates
assembled by optical contact. The 90%T
filter is made from one clear plate. The
10%T and 30%T filters are made by
assembling a fused-silica plate which
carries a film of semi-transparent chromium
to produce the desired transmittance, and a
clear plate. Each filter is placed in a metal
alloy holder provided with front and rear
shutters.

Absorbance (Liquids)

SRM 931

Liquid Absorbance
Standards for Ultraviolet
and Visible
Spectrophometry

Liquid filters made from a solution of Co
and Ni metals dissolved in a mixture of
nitric-perchloric acids. The pH of the
solution is about 1. Prepared in the NIST
Inorganic Analytical Research Division.

Three solutions and a blank are issued in
sealed ampoules and have a nominal
absorbance of 0.3, 0.6, or 0.9.

SRM 935

Crystalline Potassium
Dichromate for Use as an
Ultraviolet Absorbance
Standard

Crystalline potassium dichromate of
established purity obtained from the J.T.
Baker Chemical Co., Phillipsburg, NJ

The crystalline material of reagent grade
purity is offered in glass bottles provided
with plastic screw caps.

Stray Radiant
Energy

SRM 2032
Potassium lodide for Use as
a Stray Light Standard

Crystalline potassium iodide of established
purity obtained from the J. T. Baker
Chemical Co., Phillipsburg, NJ.

The reagent-grade, crystaliine Kl is 99.8%
pure as indicated by the manufacturer.
Moisture is 0.007%. Homogeneity was
determined by absorbance measurements
at wavelengths 265, 267 and 270 nm, and
was found adequate.
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Certification

Use

Remarks

The transmittance of each filter is
measured with the high-accuracy
spectrophotometer at wavelengths
440, 465, 546.1, 590 and 635 nm
using spectral bandpasses not
exceeding 2.2, 2.7, 6.5, 5.4 and 6.0
nm, respectively.

This SRM is intended as a reference
source for the verification of the
transmittance or absorbance scales of
conventional spectrophotometers in
the visible spectral region.

The use of this SRM is limited to the
visible spectrum and requires narrow
spectral bandpasses. For further
details, consult the Certificate
included in Appendix 9.

For further information, see above.

For further information, see above.

For further information, see above;
also, consult the Certificate included
in Appendix 10.

The transmittance of each filter is
measured with the high-accuracy
spectrophotometer at wavelengths
250, 280, 340, 360, 400, 465, 500,
546.1, 590 and 635 nm.

This SRM is intended as a reference
source for the verification of the
transmittance and absorbance scales
of conventional spectrophotometers in
the ultraviolet and visible spectral
regions.

SRM 2031 has good optical neutrality
and can be used to calibrate
spectrophometers with wide spectral
pandpasses from 250 to 635 nm (with
possible extension to about 3 gm).
For further details, consult the
Certificate included in Appendix 11;
also, see NBS Special Publication
260-68.

The absorbance of each solution was
measured at wavelengths 302, 395,
512 and 678 nm with the high-
accuracy spectrophotometer using
spectral bandpasses not exceeding
1.5, 2.0, 3.3 and 8.5 nm, respectively.

This SRM is intended for the
verification of the accuracy of
transmittance or absorbance scales of
conventional spectrophotometers in
the ultraviolet and visible spectral
regions.

SRM 931 requires the use of narrow
spectral bandpasses, and provides
only one certified value in the
ultraviolet spectral region. For further
details, consult the Certificate in
Appendix 12.

The apparent specific absorbance is
certified for ten concentrations at
wavelengths 235, 257, 313, 345 and
350 nm using spectral bandpasses not
exceeding 1.6 nm.

This SRM is intended to be used as a
reference standard for the verification
of the accuracy and linearity of the
absorbance scale of conventional
spectrophotometers in the ultraviolet
spectral region.

SRM 935 requires accurate
preparation of salutions of potassium
dichromate in 0.001N perchloric acid.
SRM 935 requires the use of narrow
spectral bandpasses, and provides
certified values only in the ultraviolet
spectral region. For further details,
consult the Certificate in Appendix 13;
also, see NBS Special Publication
260-54.

The specific absorbances were
measured with the high-accuracy
spectrophotometer at wavelengths
240, 245, 250, 255, 260, 265, 270 and
275 nm at 23.5°C using a spectral
bandpass of 0.2 nm.

SRM 2032 is to be used to assess
heterochromatic stray light in the
ultraviolet region below 260 nm in
absorption spectrophotometers.

SRM 2032 should be stored in the
original low-actinic glass bottle and
cardboard container, protected from
exposure to light and humidity. The
estimated stability is 3 years. For
further details, consuit the Certificate
in Appendix 14.
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Table 2. Standard Reference Materials for Spectrophotometry Provided by the
National Institute of Standards and Technology (Continued)

SRM

Material

Composition

Stray Radiant Energy

(Continued)

SRM 2033

Potassium lodide for Use as

a Stray Light Standard with
Radiation Attenuator

Crystaliine potassium iodide of established
purity, and two semi-transparent
evaporated metal-on-fused silica filters
contained in a metal alloy holder provided
with two shutters. The Kl was obtained
from the J. T. Baker Chemical Co.,
Phillipsburg, NJ. The filters were made in
the NIST Fabrication Technology Division.

Potassium iodide as for SRM 2032. Two
semi-transparent chromium-on-fused silica
(non-fluorescent) filters of optical quality.

Wavelength

SRM 2009a

Didymium Glass Filter for
Checking the Wavelength
Scale of
Spectrophotometers

The didymium glass was prepared by
Coming Glass Works, Corning, NY, as
Corning 5120 Filter Glass.

Rare earth oxides in a glass matrix. This
fiter is 1 cm wide, 3 cm high and 3 mm
thick. Each filter is placed in a metal alloy
holder which fits into the cuvette holder of
the spectrophotometer.

SRM 2034

Holmium Oxide for Use as
Wavelength Standard in
Spectrophotometry

Holmium oxide of established purity
dissolved in perchloric acid.

Holmium oxide is offered as solutions
sealed in 10-mm fused-silica, non-
fluorescent cuvettes of optical quality.

Fluorescence

SRM 836
Quinine Sulfate Dihydrate

The qguinine sulfate dihydrate was a special

lot of material obtained from J. T. Baker
Chemical Co., Phillipsburg, NJ.

SRM 936 contains 1.7% impurities
determined by liquid chromatography and
believed to be dihydroquinine sulfate
dihydrate. The water content is 4.74 3
0.05% determined by the Karl Fisher
method, and 4.57 + 0.04% by weight loss.
The theoretical value is 4.60%.

SRM 1931
Fluorescence Corrected
Emission Spectra

Solid, sintered mixtures of inorganic
phosphors in polytetrafluoroethylene resin.

The four inorganic phosphors are: ZnS:Ag;
Zn,Si0O4Mn; ZnCdS:Ag; and CaSiO4:Pb,Mn.
Each sample is mounted in black-anodized
aluminum alloy holders stored in a red
anodized cylindrical aluminum alloy
container. A blank sample is also provided.
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Certification

Use

Remarks

Same as for SRM 2032. The
transmittance of the evaporated
metal-on-fused silica filters was
measured at 255 nm with the high-
accuracy spectrophotometer. The
nominal value is 10%T for each filter,
and a combined value of 1%T.

SRM 2033 is to be used to assess
heterochromatic and isochromatic
stray light in absorption
spectrophotometers.

Same as for SRM 2032. The two semi-
transparent, evaporated metal-on-fused
silica filters in the metal holder should
be stored in the plastic container
provided with SRM 2033. Consult the
Certificate in Appendix 15.

The wavelengths of maximum
absorption were determined with a
high-precision spectrophotometer for
bandwidths in the range 1.5 to 10.5
nm and for 14 to 24 wavelengths in
the range 400 to 760 nm. The
instrument has a wavelength
accuracy of 0.04 nm.

The filters are to be used in calibrating
the wavelength scale in the visible
spectral region for spectrophotometers
having nominal bandwidths in the
range 1.5 to 10.5 nm.

SRM 2009a was not measured
individually. It is recommended for most
applications. For further details, consult
NBS Special Publication 260-66, and
the Certificate in Appendix 16.

The wavelengths of maximum
absomption of holmium oxide
solutions in perchloric acid is
determined for various spectral
bandpasses at the nominal
wavelengths: 241, 249, 278, 287,
333, 345, 361, 385, 416, 451, 467,
485, 536, and 640 nm.

This SRM is to be used as a reference
standard for the verification of the
accuracy of the wavelength scale of
absorption spectrometers, in the
ultraviolet and visible spectral regions.

Holmium oxide solutions in perchloric
acid were selected as a wavelength
standard because the absorption bands
are narrower than those of the holmium
oxide glass. Consult the Certificate in
Appendix 17; also, see Appendix 4 and
NBS Special Publication 260-102.

The material is certified for the
relative molecular emission spectrum
E(A), in radiometric units for a
solution of 1.28 x 10°® mol/L in 0.105
mol/L perchloric acid, using an
excitation wavelength of 347.5 nm.
The certified values of the molecuiar
emission spectrum at 5-nm intervals
from 375 to 675 nm are given. This
certification was made with the NIST
reference fluorescence spectrometer.

This SRM is to be used for evaluation
of methods and calibration of
fluorescence spectrometers. A
solution of 0.1 mg/mL in 1000 mL
0.105 mol/L perchloric acid is
recommended. It should be stored in
the dark in a well-stoppered glass
bottle. This solution is stable for three
months. SRM 936 is for "in vitro"
diagnostic usc only.

The material should be kept in its
orginal bottle and stored in the dark at
30°C or less. Under these conditions
SRM 936 is stable for three years. See
NBS Special Publication 260-64, and
Certificate in Appendix 18.

The nominal maximum emission
spectra are 450, 5630, 580 and 620
nm. All measurements are made
with the NIST reference fluorescence
spectrometer.

These materials are intended for the
evaluation of methods and calibration
of fluorescence spectrometers in the
spectral range from about 420 to
about 675 nm.

A NIST Special Publication in the

SP 260 series describing the production
and certification of this SRM is in
preparation. For further information,
consult the reprint in Appendix B, and
the Certificate in Appendix 19.
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Part Two

2. FACTORS AFFECTING THE PROPER FUNCTIONING OF A
SPECTROPHOTOMETER

There are a number of factors that can affect the proper functioning of a
spectrophotometer and prevent the acquisition of meaningful data. Some of these factors are
described below.

2.1 Short- and Long-Term Stahility

Short- and long-term stability is related to the instrument’s mechanical, optical, and
radiation measuring design and to the quality of the materials and workmanship used to
implement the design. The conditions under which the instrument is operated, such as vibration,
humidity and temperature, dust and corrosion, will also affect its stability. Other critical factors
arc the short- and long-term stability of the radiation source, the reproducibility of the
positioning of the sample holder and carriage, and the stability of the read-out system.

2.2 Wavelength Accuracy

Wavelength accuracy is a function of the stability of the optical system and of the
accuracy of the wavelength scale, or wavelength cam, and its reproducibility.

2.3  Spectral Bandpass

The spectral bandpass of a spectrophotometer is the spectral interval A\ in wavelength

that emerges through the exit slit of width w of the instrument: AN = w % where % is the
reciprocal linear dispersion of the spectrophotometer. Spectral bandpass is a parameter that
depends on the optical design and of the associated elements: grating, prism, or filters used in
the instrument. The magnitude of the spectral bandpass for a specific spectrophotometer over
the whole spectral range of the instrument is important information that is provided by the
manufacturers of the particular instrument.

2.4  Stray Radiations
Stray radiations can originate in the spectrometer and in the sample compartment. The
stray radiation produced in the spectrometer is the radiant flux at wavelengths different from

those of the nominal spectral bandpass transmitted through the instrument at a particular
wavelength. The stray radiation produced in the sample compartment is the radiant flux that

14



reaches the photosensitive detector without passing through the absorbing sample. The former
is the heterochromatic stray radiation. while the latter is the isochromatic stray radiation.

2.5  Accuracy of the Transmittance or Absorbance Scales

Accuracy of the transmittance or absorbance scales refers to the capability of a
spectrophotometer to measure ratios of radiant fluxes with a known accuracy and to produce true
transmittance (T) or absorbance (A) measurements. This fundamental parameter is determined
ultimately by the linearity of the detection system when the other parameters such as wavelength
accuracy, adequate spectral bandpass, and photometric precision are in control.

2.6 Conditions Associated with the Stability of the Analytical Sample (Color Reaction)
and its Homogeneity

Conditions associated with the stability of the analytical sample (color reaction) and its
homogeneity include dissociation and association reactions, radiation scatter inside the sample,
polarization, fluorescence, temperature, particulate matter, and surface conditions. These
conditions are characteristics of the analytical sample and of the chemical reactions involved in
the spectrophotometric process, and are to a large extent independent of the spectrophotometer
used for the measurements. Since these factors can affect in a significant manner the precision
and accuracy of the measurement, however, they are mentioned here to remind the analyst that
he must be aware of their existence, and that he must evaluate their magnitude in the particular
analytical process considered before proceeding with the actual measurement. As a result of this
knowledge, the analyst must be able to select the most adequate analytical procedure for the
matrix and chemical species under consideration, and to establish ways to eliminate, minimize,
or compensate for these causes of errors. From the factors mentioned above, those which are
relevant to the subject discussed in this publication will be examined in more detail.

3. PROCEDURES TO ASSESS AND CONTROL SOME OF THE FACTORS THAT
AFFECT THE PROPER FUNCTIONING AND ACCURACY OF A
SPECTROPHOTOMETER

3.1 Short- and Long-Term Stability

The short- and long-term stability of a spectrophotometer can be verified and monitored
by using glass filters specially selected for this purpose. Stable radiation sources, such as
tritium-activated luminescent materials, could be considered for the same purpose [16]. The use
of such a source, however, is not always possible due mainly to problems associated with the
design and operation of the instrument.
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Of the several kinds of glass filters that can be used, those constituting SRM 930 and
SRM 1930 are most suitable. The optical characteristics of these glass filters are discussed in
Section 4. Since the stability of a spectrophotometer is the first test that should be carried out,
however, we will describe their use for this purpose now.

As a general rule, it is desirable to place the spectrophotometer in a clean laboratory and
in an area where the temperature is as constant and reproducible as possible, protected from
direct sunlight, sudden changes of temperature, corrosive atmosphere, dust, and vibration. The
tests should be carried out after the instrument has been verified by the manufacturer, and it is
found to perform well and to meet all the required specifications.

After an initial warming-up period, the "0%T" and "100%T" readings on the scale are
verified following the procedure described by the manufacturer of the particular instrument. The
wavelength dial is set at a selected value, usually the one at which the transmittance of the
analytical sample will be determined, e.g., 635.0 nm. One of the SRM 930 glass filters in its
metal holder, e.g., the filter having the nominal percent transmittance of 30%T, is inserted in
the sample compartment. An empty filter holder is positioned in the reference compartment,
or the compartment is left empty. The transmittance of the glass filter is measured following
the method specified by the manufacturer, and the results are recorded. This procedure is
repeated at all wavelengths at which the analytical samples will be measured. Similar
transmittance measurements are performed using the glass filters having nominal percent
transmittances of 20%T and 10%T. The temperature at which these measurements are made
should also be recorded. In this manner, the performance of the instrument is determined over
the working spectral range for a transmittance interval and at a temperature that covers most of
the conditions of analytical determinations under consideration. Similar measurements can also
be made using SRM 1930.

The values obtained are displayed in a graphical form by plotting on the ordinate the
transmittance found for every wavelength, and on the abscissa the date at which these
measurements were made. An example of such a graph is given in figure 6 for two
wavelengths, 635.0 nm and 590.0 nm. Similar graphs should be made for the other wavelengths
of interest for the nominal 10%T, 20%T, and 30%T filters. The results for the measurements
shown in figure 6 were obtained in a laboratory in which the surrounding temperature was
maintained at 24.0 °C + 1 °C. This temperature was recorded on the graphs as a common
value for all measurements. When solutions are measured, the temperature of the liquid in the
cuvette should be determined. @Where the temperature changes from measurement to
measurement, its value should be recorded and written on the graph under the corresponding
transmittance value so that temperature corrections can be made if necessary. The procedure
described above should be performed every time the spectrophotometer is used: before, and
preferably after, the analytical work is carried out.

The data plotted in figure 6 were obtained with a commercial spectrometer provided with

a quartz prism double spectrometer, and a transmittance scale divided in 1000 units between 0
and 100 percent transmittance. The size of each division, and the stability and reproducibility of
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Figure 6.  Control chart for a spectrophotometer showing the variation of transmittance at

24.0

°C as a function of time for a neutral glass filter at 635.0 nm and 590.0 nm.

the instrument is such that it permits visual interpolation between each division, to fractions of

a division; hence
resolution.

, the ordinate scale on the graphs in figure 6 was selected to reflect this

An examination of the data shows that the stability of the instrument, as expressed by
percent transmittance, when operated at 24.0 °C from October 22 to February 5, varied from
32.17 %T to 32.28 %T, with an average of 32.23 %T at 635.0 nm. At 590.0 nm, the

equivalent values

were 30.79 %T, and 30.90 %T, respectively, with an average of 30.85 %T.
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The spread, 0.11 %T for both wavelengths, results from the inherent instability of the instrument
and of the glass filters used. This situation changed markedly on February 8 when
transmittances of 31.94 %T and 30.59 %T were found at 635.0 nm and 590.0 nm, respectively.
Since these values largely exceeded the specified spread established for this particular instrument
by the manufacturer, a field engineer from the manufacturer was called in. An examination of
the spectrophotometer revealed that a potentiometer was malfunctioning. After replacement of
this faulty part the instrument was tested again on February 18, and the transmittance values
measured on the same glass filters were within the established spread of the instrument as
originally established. As shown in figure 6, the results indicate that the spectrophotometer was
again performing according to its specifications.

This example illustrates the usefulness of the short- and long-term stability tests as well
as data presentation using control charts. This test procedure permits the detection and diagnosis
of possible malfunctions in an instrument before such malfunctions would affect the validity of
measurements. It is obvious that similar control charts can be prepared using absorbance values
instead of transmittance values.

The periodic verification of the stability of spectrophotometers, as described above and
illustrated in figure 6, is used routinely in the NIST laboratories. This procedure is highly
recommended to all users of such instruments, and it is performed as previously mentioned with
the help of specially selected glass filters. It should be mentioned here that the precision of such
tests, however, cannot exceed the stability of the glass filters, which will be discussed in Section
5 for the materials used in this work.

3.2  Wavelength Accuracy

Although the test discussed 1n section 3.1. may show that a spectrophotometer exhibits
good instrument stability, large errors in the accuracy of its wavelength scale may produce
unreliable measurements. The wavelength accuracy of a spectrophotometer can be verified by
the use of (a) an emission source capable of producing discrete radiations of suitable intensity
and adequate wavelength spacing throughout the spectral range of interest, e.g., 200 to 800 nm,
or (b) glass filters or solutions with sharp absorption bands.

(a) Adequate sources of discrete radiations at well-known wavelengths, most suitable for
use in the calibration of the wavelength scale of a spectrophotometer, are the low-pressure quartz
discharge tubes containing mercury vapor, helium, or neon. Such tubes are available
commercially from the manufacturers of laboratory instrumentation at reasonable prices. One
type of a low-pressure discharge tube has a cylindrical shape with the total length of 120 mm
from which a 50-mm portion constitutes the quartz discharge tube. This tube should be placed
immediately in front of the entrance slit of the spectrometer.

(b) Wavelength calibrations can also be made by using a glass filter having a number
of strong and narrow absorption bands suitably spaced over the spectral range of interest. Two
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materials have been used or suggested for this purpose: glasses containing rare-earth oxides
such as didymium glasses (mixture of praeseodymium and neodymium oxides) and holmium
oxide glasses. They have been used for many years at the National Institute of Standards and
Technology. The transmittance characteristics of the didymium and holmium oxide glasses are
illustrated in figures 7 and 8, respectively.

A detailed description of the properties and use of low-pressure discharge tubes and of
glass filters with sharp absorption bands is given in NBS Letter Circular LC-1017, "Standards
for Checking the Calibration of Spectrophotometers,” by K.S. Gibson, H.J. Keegan, and J.C.
Schleter, reissued in January 1967. Part of this paper is reproduced in Appendix 3. Further
recommended practice can be found in the Manual on Recommended Practices in
.Spectrophotometry, published by the American Society of Testing and Materials, 1916 Race
Street, Philadelphia, PA 19103. A comprehensive chapter by Vinter on wavelength calibration
is found in reference 23.

3.2.1 SRM 2009a, Didymium Glass

As seen in table 2, SRM 2009a is issued by NIST as a wavelength standard. It consists
of a didymium glass filter having the nominal spectral transmittances shown in figure 7. This
filter is produced in a nominal size of 10x30x3 mm thick. It is mounted in a metal holder that
fits into the cuvette holder of the spectrophotometer. The spectral bandpass-wavelength
dependence is described in detail in Special Publication 260-66 and in the Certificate that
accompanies each standard. The 14 to 24 certified wavelengths are in the spectral range
400 - 760 nm and are given for spectral bandpasses from 1.5 - 10.5 nm (see Certificate in
Appendix 16).

3.2.2 SRM 2034, Holmium Oxide Solution

Since SRM 2009a is used to verify the wavelength accuracy in the visible spectral range
only, it was necessary to produce an SRM that could be used in the ultraviolet as well. An
adequate material for use in the ultraviolet and visible spectral range was obtained by dissolving
holmium oxide in dilute perchloric acid [24]. The spectral transmittance of the aqua ion
Ho(HzO)ﬁ+ [25], obtained when holmium oxide is dissolved in a 10 percent aqueous perchloric
acid solution, is illustrated in figure 2 of the paper reproduced in Appendix 4 [24]. The 14
sharp transmittance minima are evenly distributed throughout the spectrum from 240 to 640 nm,
and provide a means of verifying the wavelength accuracy of conventional spectrophotometers
over that spectral range. The wavelengths corresponding to the 14 transmittance minima for
several bandwidths and temperatures are given in Appendix 4.

A list of the wavelengths of minimum transmittance of the holmium oxide solution
reported by other workers is given in table 6 of the paper in Appendix 4. The details of these
measurements are given in reference 4. The data shown in this table indicate that values
obtained by workers in different laboratories are generally in good agreement, and that the NIST
data also agree well with these workers’ previously published data. These workers also
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found that the wavelengths of minimum transmittance of holmium oxide in similar solutions of
perchloric acid are not sensitive to variations in temperature and concentration. They also
concluded that the wavelengths of minimum transmittance were least affected by changes in
spectral bandwidth for bandwidths less than 1 nm, but that large shifts can be encountered at
bandwidths exceeding 1 nm.

The reported wavelengths of minimum transmittance of the holmium oxide solutions
appearing in Appendix 4 are estimated to be uncertain by no more than + 0.1 nm at the 95
percent confidence limit. These wavelengths of minimum transmittance were found to be
essentially unaffected by changes in temperature at 25 °C + 5 °C. They were also unaffected
by variations in the concentration for solutions containing 2 percent, 4 percent, and 6 percent
by weight of holmium oxide. The critical parameter affecting the measured values of minimum
transmittance was found to be the spectral bandwidth setting of the spectrophotometer. For
spectral bandwidths less than 1 nm, the wavelength shift is generally less than 0.2 nm.

As a result of this work, SRM 2034, "Holmium Oxide Solution as an Ultraviolet and
Visible Wavclength SRM," was issued in 1985. It consists of an all-fused-silica rectangular
cuvette with a 10-mm nominal lightpath, provided at one end with a fused silica tube for filling
the cuvette with a solution of 4 percent holmium oxide by weight in 10 percent aqueous
perchloric acid. The purity of the holmium oxide is 99.99 percent (as indicated by the
manufacturer) and the perchloric acid and distilled water are pure reagent grade prepared at
NIST by sub-boiling distillation. After filling the cuvette, the tubular end is sealed by fusion.
As far as it is known, the solution is stable under typical laboratory conditions for at least 5
years.

Users of SRM 2034 can most effectively determine the wavelength error associated with
their instrument by using the NIST certified data listed in Special Publication 260-102 (also in
Appendix 4) that are representative of the spectral bandwidth setting ordinarily used with the
instrument (see certificate in Appendix 17). The wavelengths of minimum transmittance of the
holmium oxide solution for spectral bandwidths greater than 3 nm have not been evaluated.

3.3  Spectral Bandpass

As mentioned in Section 2.3, the spectral bandpass over the entire spectral range for
various slit widths is an instrumental parameter which should be provided by the manufacturer.
For spectrophotometers with prisms or gratings, the spectral bandpass (AM) is related to
reciprocal linear dispersion (d\/dx) and slit width (w) by the equation given in Section 2.3. For
example, for an instrument with a reciprocal linear dispersion of 15 nm/mm and a slit width of
0.2 mm, the bandpass is 3.0 nm. For prism instruments, the reciprocal linear dispersion and,
therefore, the bandpass vary with wavelength. The following discussion will be limited to the
influence of this important parameter, which is often neglected, on the measurements of
transmittance for the glass filters discussed in this publication.
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Three types of glass filters having a transmittance that varies only moderately with
wavelength were used: the Chance ON-10, Corning 8364, and Schott NG-4 optically neutral
glasses. The transmittance characteristics of these glasses as a function of wavelength in the
spectral interval of 350 nm to 700 nm were obtained using a Cary 14 spectrophotometer with
an adequate spectral bandpass. The results are illustrated in figure 9, where it can be seen that
the Corning 8364 and Chance ON-10 glasses exhibit similar characteristics. Figure 9 also shows
that these two glasses have an absorbance, or transmittance, more dependent on wavelength than
the Schott NG-4 glass. Since the Corning filter produced results similar to those found for the
Chance ON-10 glass, these two filters will be discussed collectively.

CORNING
8364
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EVAPORATED METAL ON QUARTZ
[INCONEL]

ABSORBANCE

\"¥
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Figure 9.  Spectral characteristics for five transparent materials from 200 nm to 700 nm [11].

23



Using a Cary 16 spectrophotometer, the transmittances of the Chance ON-10 and Schott
NG-4 glasses were measured, as indicated in figures 10 and 11, respectively, at four
wavelengths using variable slit widths, and consequently, various spectral bandpasses from 0.5
nm to 100.0 nm. Figure 10 illustrates the dependence of the transmittance for the Chance
ON-10 (and Corning 8364) glass filter on the spectral bandpass at 400.0, 445.0, 490.0, and
590.0 nm. It can be seen that the transmittance varies with the bandpass, and that this
dependence is stronger at the wavelengths where the glass has a stronger and sharper absorption
band. For instance, at 400.0 nm a rather narrow spectral bandpass of 0.5 nm will be required
for this type of glass to obtain an accurate transmittance value, with everything else being equal,
in particular the wavelength and photometric scale accuracy. At 490.0 nm, however, a spectral
bandpass of 15 nm would be adequate. The same dependence, but to a smaller extent, is

illustrated in figure 11 for a Schott NG-4 glass. It can be seen here that larger spectral
bandpasses could be used to produce accurate transmittance values.

This transmittance-spectral bandpass dependence is summarized in the graph in the upper
left corner of figure 10, where it can be seen that the use of wider spectral bandpasses will
produce the inaccurate T; and T, values when compared with T;" and T,", which are the
transmittance values obtained using an infinitesimal spectral bandpass. As a general rule, the
value of the speciral bandpass required (0 produce accurate transmittance measurements with an
uncertainty not greater than 0.1 percent should be 1/20 of the symmetrical natural spectral
bandwidth, at half intensity, of the material to be analyzed and at the wavelength at which the
measurement is performed. When this information is not available, it can be determined by
measuring the transmittance (or absorbance) of the material at the wavelength of interest, using
various spectral bandpasses (or slit widths) as illustrated in figures 10 and 11. The largest
bandpass or slit width that can be used is given by the value found at the end of the horizontal
portion of the transmittance-spectral bandpass curve. The selection and use of adequate spectral
bandpass is one of the indispensable conditions that must be fulfilled to obtain true transmittance
values.

3.4 Stray Radiations

An instrumental parameter that can measurably affect the accuracy of transmittance
measurements is the stray radiant energy (SRE) or stray light. This can be defined generally as
unwanted radiation that is measured by the photodetector. Stray radiant energy contributes to the
degradation of optical transmittance measurements and to the reduction of specificity, sensitivity,
and linearity of absorbance measurements.

As mentioned briefly in Section 2.4., two major types of SRE can be identified:
heterochromatic and isochromatic. The former originates in the spectrophotometer and can be
defined as radiation transmitted by the spectrometer that is of a wavelength different from the
spectral bandpass for which the instrument was set. The latter originates in the sample
compartment and can be defined as radiation of the same wavelength as that which falls on the
sample, but reaches the photodetector of the spectrophotometer without passing through the
analytical sample.
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From these simple definitions it might be concluded that both types of stray light can be

assessed easily. Unfortunately, this is not the case. Actually, the accurate measurement of stray
light is subject to ambiguity and is difficult to define and measure [26].
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Influence of spectral bandpass on the transmittance of a Schott NG-4 glass filter

measured at 440.0, 465.0, 590.0 and 635.0 nm [11].

At the present time, two SRMs (SRMs 2032 and 2033) are available to assess both the
heterochromatic and isochromatic stray light. Heterochromatic stray light can be measured by
using a variety of techniques, including the use of blocking optical filters, and this approach was
selected to produce SRM 2032. This material consists of crystalline potassium iodide of
reagent-grade purity which has sharp cutoff absorption near 260 nm, and can be used to assess
the stray light below this wavelength. Solutions from this compound were certified for their

3.4.1 SRMs 2032 and 2033
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specific absorbances at eight wavelengths from 240 - 275 nm in increments of 5 nm with an
uncertainty of 5 percent. The measurement consists of setting the spectrometer at a wavelength
below 260 nm, say 255 nm, and placing in the sample compartment a quartz cuvette containing
the potassium iodide solution. Any appreciable amount of light detected is assumed to be
heterochromatic stray light. See also the Certificate for SRM 2032 in Appendix 14.

Isochromatic stray light can be assessed using SRM 2033. This material consists of two
filters made from a semi-transparent evaporated metal on a fused silica substrate each of which
has a nominal percent transmittance of 10%T. One filter is mounted in a metal holder that can
be inserted in the sample compartment of the spectrophotometer. This holder is provided with
a front and rear shutter, one of which has a window in which the second filter is mounted. This
system is used to assess the maximum isochromatic stray light in the sample compartment that
results from reflections of the incident radiation at the surfaces of the sample and various optical
components and reaches the photodetector without passing through the sample.

The i1sochromatic SRE test measurement is performed by placing this unit in the sample
beam of the spectrophotometer with the opaque shutter at the rear of the filter holder. Under
these conditions, if a signal is detected, it is caused by reflections at the surface of the filter
exposed to the incident radiation. This radiation is scattered from the walls and other
components of the sample compartment and reaches the photodetector without passing through
the sample. The signal is the isochromatic stray light. See also the Certificate for SRM 2033
in Appendix 15.

3.4.2 A New Method for Measurement of Stray Radiant Energy

A different approach to the measurement of heterochromatic stray light in ultraviolet
absorption spectrometry was described recently by Mielenz, Weidner, and Burke [27]. The
principle and application of the new method is discussed in detail in the publication reproduced
in Appendix 5, and since it appears to have particular merit, it is briefly summarized below.

The test method uses the same solution filters with sharp UV absorption edges as
specified in ASTM Test Method E387, but one measures the apparent absorbance of a 10-mm
pathlength cell in the sample beam relative to a 5-mm pathlength cell in the reference beam.
Scanning toward shorter wavelengths, an apparent absorbance maximum, which is a direct
measurement of the heterochromatic stray light, is recorded. This method was found to be in
satisfactory agreement with the ASTM method in comparative tests of several
spectrophotometers at different wavelengths between 200 and 390 nm, using potassium chloride,
potassium iodide, sodium iodide, acetone, and sodium nitrate solution filters. The new method
proved to be simpler than the ASTM method when small amounts of stray light were measured,
the main advantage being that the apparent absorbance maximum occurs at considerably lower
scale values than the corresponding absorbance plateau measured by the ASTM method. This
reduces the need for successive attenuations of the reference beam every time the
spectrophotometer runs off scale; in many instances, the new method required no atienuation.
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3.5 Accuracy of the Transmittance or Absorbance Scales

Optical transmittance is due to an intrinsic property of matter and characterizes a
particular transparent material. Since this parameter is not known a priori, it must be
determined by experimental procedures. Photometric accuracy is an essential condition that must
be fulfilled by a spectrophotometer for the production of accurate transmittance or absorbance
valies.

As mentioned earlier, true transmittance values can be obtained only by using accurate
measuring techniques and by taking into consideration all factors that can affect and distort the
data. In this discussion the optical transmittance T of a solid material includes the reflection
losses that occur at the air-solid interface. The internal transmittance T; is defined as the
transmittance of the material corrected for reflection losses. This internal transmittance can be
calculated in principle from the transmittance by using the well-known Fresnel equations as
shown in the reprint of Appendix 2. The internal transmittance is obtained experimentally when
the measurements are made using a blank sample in the reference beam of the
spectrophotometer. When a blank is not available, as in the case of SRMs 930 and 1930, the
measurements are made against air in the reference beam. Under these circumstances the
resulting transmittance value includes the reflection losses (which are about 8 percent for a glass
filter having an index of refraction of 1.5). A discussion of this subject by Mielenz is given in
reference 20. The absorbance A of a material is related to the internal transmittance T; by the
expression A = -log,,T; while the transmittance density D is related to the transmittance T by
the expression D = -log;(T.

Transmittance is the ratio of two radiant fluxes. It is therefore necessary that the
transmittance scale of the spectrophotometer be accurate. The transmittance of a particular
material is also a function of wavelength; hence the wavelength scale of the monochromator
should also be accurate, and appropriate spectral bandpasses should be used. These conditions
were examined in the previous sections. For highest accuracy, the measurements should be
made using collimated radiation. Such radiations define unambiguously the actual pathlength
through the transmitting medium, the reflection losses, and eliminate the effects of polarized
radiations that are produced at the surface of the sample (see Appendices 2 and 6). Other
important factors, already mentioned, that must be considered are: the homogeneity, flatness,
parallelism, and stability of the sample, radiation scatter inside the sample, interference
phenomena, stray radiation, polarization, fluorescence, temperature, particulate matter, and
surface conditions. Since transmittance measurements depend on a diversity of factors,
meaningful values can be obtained only by defining the experimental conditions for obtaining
transmittance data.

Spectrophotometers are used to perform two types of measurements:
(1) Quantitative determination of chemical species using the relation between optical

transmittance of the material and the concentration as a measuring parameter. Under these
circumstances, the photometric scale of the spectrophotometer is calibrated in meaningful units,
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using a series of reference solutions having known concentrations of the species to be
determined, rather than values of optical transmittance.

The accuracy of the measurements is related to the accuracy with which the
concentrations of the reference solutions are known and to the precision (stability, sensitivity)
of the spectrophotometric method and instrument used. The accuracy of the transmittance or
absorbance scale per se, is not a critical factor in such measurements.

The precision and stability of the instrument are, however, important parameters that
should be verified before and after each series of measurements. This can be done, as already
discussed, by the careful use of selected solid or liquid reference filters having well established
and stable transmittance values.

(2) Determination of the optical transmittance characteristics of solid or liquid materials,
and the determination of certain physicochemical constants such as molar absorptivity and
equilibrium constants. In all of these cases, the accuracy of the transmittance or absorbance
scales of the measuring instrument, among other things, is essential to provide true values.
Ways to establish and check this important parameter are critically needed. For example,
current interest in molar absorptivity values, as an index of the purity of biological or clinical
materials, requires greater accuracy of measurement. Also, the accuracy of the determination
of equilibrium constants of chemical reactions in solutions and the determination of enzyme
activity in international units is dependent on true values of their molar absorptivities.

4 STANDARD REFERENCE MATERIALS FOR TRANSMITTANCE IN
SPECTROPHOTOMETRY

4.1 Description and Selection of Materials for Use as Standard Reference Materials in
Spectrophotometry

Such materials should fulfill the following conditions: (a) be transparent in the spectral
range of interest, usually between 200 nm and 800 nm; (b) have a transmittance independent of
wavelength (optically neutral); (c) have a spectral transmittance independent of temperature; (d)
have low reflectance and be free of interferences; (e€) be non-fluorescent; (f) be stable,
homogeneous, and free of strain; (g) have mechanical stability for the size used (thickness,
length, width) and be easy to fabricate by conventional techniques used in optical shops; (h) be
simple to use in conjunction with the conventional spectrophotometers available today in
analytical laboratories; (i) be readily available and relatively inexpensive.

These conditions are fulfilled to a smaller or larger extent by several different materials
including transparent solids and liquids, grids, rotating sectors, and polarizers. Of these
materials, the neutral optical glass filters mentioned in the first group below, most nearly
satisfied the required conditions and constitute the most acceptable compromise when compared
with the other materials.
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Several neutral glasses were examined, and from these the Corning 8364, the Chance
ON-10, and the Schott NG-4 glasses were initially selected. As illustrated in figure 9, the
spectral transmittances of these glasses are compared with the transmittances of an evaporated
metal-on-quartz filter (non-fluorescent fused silica of optical quality) and a Ronchi ruling on a
glass substrate. The transmittances of the latter two materials exhibit the least dependence on
wavelength from 200 nm to over 700 nm. The Ronchi ruling transmittance below 350 nm is
limited only by the transmittance of the glass substrate and not by the nature of the ruling itself.
For the evaporated metal-on-quartz filter, the attenuation of radiations is produced by reflection
rather than absorption. This material, therefore, was not selected since there is a possibility that
reflected radiation is generated in conventional spectrophotometers. The Ronchi ruling was
rejected since it is subjected, by its nature, to diffraction phenomena. From the remaining
glasses, the Schott NG glass was finally selected since this material exhibits the best optical
neutrality. Excluding its limited spectral transmittance range to the visible and near-infrared
spectral domain, the Schott NG glass is the best material that satisfies the other conditions
enumerated above.

A number of procedures were developed and used for the preparation of SRM 930 and
SRM 1930, and these were tested under a variety of conditions. Of these procedures, only those
that were finally selected and are used for the preparation of these SRMs will be described here.

The optically neutral NG glasses for the filters were produced by Schott of Mainz,
Germany, and are designated as "Jena Colored and Filter Glass." The following Schott NG
glasses were selected: NG-3, NG-4, NG-5, and NG-11. This choice permits stepwise coverage
of a nominal transmittance range from 1%T, 3%T, 10%T, 20%T, 30%T to 50%T, using
nominal glass thickness of 1.5 to 2.0 mm. All glass material was received from the
manufacturer in the form of 150x150 mm (6x6") square plates. From this raw material the
individual filters were obtained by adequate cutting, grinding, and fine polishing in the optical
shops at NIST.

Neutral Glass Filters
Transparent Solids

Evaporated Metals-on Quartz

Inorganic
Transparent Liquids

Organic

Non-Supported: Metal or Plastic Grids
Grids
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4.2  Preparation of the Glass Filters

Each glass filter is cleaned manually with distilled water using a piece of optical lens
paper. This is followed by a preliminary examination for visible defects using a
stereo-microscope with 12X magnification. This examination is performed in an
all-polypropylene hood provided with a vertical laminar flow of filtered air, illustrated in
figure 12.

Figure 12. Instrumentation to examine, clean, and mount the glass filters used to produce
SRMs 930 and 1930. The entire equipment is placed and used in an
all-polypropylene hood provided with vertical clean air flow.
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4.2.1 Flatness and Parallelism

During the recent years, additional measurements have been performed to determine the
flatness, parallelism, and optical homogeneity of the glass material. The flatness is assessed by
observing the fringe pattern obtained against a flat quartz plate. This is accomplished by using
a conventional instrument (Type "U" reflex viewer 6" capacity from The Van Keuren Co., 176
Waltham Street, Watertown, MA 02172) illustrated in figure 13 (left side). The parallelism is
measured with a thickness mechanical gauge provided with an electronic sensor capable of a
resolution of 0.1 um (Model 7008A made by the Federal Products, a unit of Esterline Corp.,
Providence, R.1.) illustrated in figure 13 (right side).

\

Figure 13. Conventional instruments for observing the figure patterns of a glass filter (left)
and for determining the thickness of a glass filter.
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4.2.2 Optical Homogeneity

The homogeneity of the glass is determined by measuring the optical transmittance with
densitometer designed for this purpose. The densitometer, illustrated schematically in figure
14a, and pictorially in figures 14b and 14c, is a single-beam arrangement having as a major
characteristic a constant radiation source S made of a tritium-activated phosphor (12.3 years
half-life) with a maximum emission at 560 nm. A mechanical chopper C is placed after the light
source to produce an ac signal (75 cps). A glass lens L forms a reduced image (1x4 mm) of the
source at the filter F. The filter F under investigation is placed in a holder that can be moved
in the x-y directions by two micrometer screws (0.5 mm/turn) operated by individual stepping
motors (200 steps/revolution). The radiation is received on a Budde diffuser [28] followed by
a photomultiplier tube, conventional digital electronics, and printer.

PM B

Figure 14a. Schematic of densitometer for the determination of transmittance homogeneity of
glass filters. S = radiation source made of a tritium-activated phosphor, C =
mechanical light chopper; L = glass lens; F = glass filter under investigation
placed in a holder that can be moved in the x-y directions by two stepping motors
attached to micrometer screws; B = Budde’s diffuser; PM = photomultiplier tube.

Scanning of the glass filter is performed by operating the siepping motors of the x-y
system through a microcomputer programmed to measure the transmittance at nine selected
points on the 10x30 mm filter [29]. The use of this measuring tool provides a means to
individually test each filter and to select the ones that conform to specifications. An example
of this transmittance homogeneity check is illustrated by the data from table 3.

123
The distribution of the test points on the face of the filter is 456

7809

33



Figure 14b.

Densitometer placed in a light-tight enclosure. From right to left: lens producing
the image of the light source at the filter; filter holder with x-y scanning capability
operated by stepping motors; counter for the x movement; pneumatic shutter
followed by Budde’s diffuser and photomultiplier tube. At bottom left: pneumatic
"off" and "on" valve for operating shutter.
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Figure 14c. Light source for densitometer. From right to left: tritium-activated luminescence
light source in a holder; light chopper.

35



Table 3. Homogeneity of a Glass Filter with a Nominal 20 Percent Transmittance

(Filter Number 20-1245)

Standard Adjusted Delta Relative
Mean Deviation Mean Center Delta

Test Point [5] 0.94664 0.00026 0.94664 0.00000 0.00000
Test Point [4] 0.94713 0.00123 0.94714 0.00050 0.05283
Test Point [1] 0.94718 0.00043 0.94720 0.00056 0.05864
Test Point [2] 0.94661 0.00037 0.94664 0.00000 0.00001
Test Point [3] 0.94728 0.00018 0.94732 0.00068 0.07142
Test Point [6] 0.94689 0.00059 0.94694 0.00030 0.03125
Test Point [9] 0.94643 0.00031 0.94649 -0.00015 -0.01633
Test Point [8] 0.94595 0.00031 0.94602 -0.00062 -0.06592
Test Point [7] 0.94727 0.00035 0.94735 0.00071 0.07503
Test Point [8] 0.94682 0.00053 0.94691 0.00027 0.02818
Test Point [5] 0.94654 0.00021 0.94664 0.00000 0.00000

4.3 Cleaning of the Glass Filters

Each glass filter which passes the inspections is washed manually with a diluted aqueous
solution of a nonionic detergent such as alkyl phenoxy polyethoxy ethanol (Triton X-100, Rohm
and Haas), rinsed with distilled water, and dried in air. The filters are then transferred in a 12-
unit stainless steel holder and placed in a Soxhlet extractor, as illustrated in figures 15 and 16,

respectively.

Figure 15.
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Figure 16. Soxhlet extractors used for the final cleaning of the 50X50 mm and 30X 10 mm
glass filters with electronic-grade isopropyl alcohol.

An aluminum slug is inserted at the bottom of each extraction flask to reduce the volume
of solvent required for the functioning of the extractor and to shorten the syphoning time. To
avoid bumpy boiling, followed sometimes by an undesirable overflow of the isopropyl alcohol
from the boiling flask into the extraction vessel, a side tube provided at the bottom with a coarse
glass frit is inserted through the side of cach flask. A steady stream of clean air, from a
compressed gas cylinder equipped with a gas regulator and needle valve, is passed through the
tube to produce a continuous and gentle bubbling. The glass filters are then washed for three
hours, at a rate of three syphonings per hour, using isopropyl alcohol of electronic grade (see
references 30 and 31). After this period the glass filters are dried in air in the laminar flow
hood.

Following the cleaning procedure, the glass filters are placed individually in the special
aluminum alloy holders made at NIST in the instrument shops. This operation is performed by
using the tools illustrated in figure 12, which include an anti-static brush and plastic-tipped
tweezers. The mounted filters are placed in a covered plexiglass box and are aged for at least
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2 weeks in the laminar flow hood where they are exposed continuously to the radiation of the
fluorescent lamps provided at the top (total 120 watts, arbitrarily chosen). Since the individual
metal holder contributes significantly to the usefulness of the glass filters, it will be described
in the next section.

4.4 Filter Holders

The shape and dimensions of these metal holders are given in figures 17 through 22.
Established in conformance to the dimensions of the rectangular sample compartments of most
conventional spectrophotometers, the holders were designed to hold the glass filters without
producing mechanical strains in the glass material, as determined by a polariscope examination.
The metal material used for the holder is an aluminum alloy 2024 (4.5% Cu, 1.5% Mg, 0.6%
Mn). The two-pronged retaining spring is made of phosphor bronze. The metal holder and
retaining spring are both anodized flat black. The spring is secured by a screw and washer made
of black nylon. The dimensions and shape of the window were selected to avoid vignetting even
for spectrophotometers having a low-pass radiation beam. Each filter comprising SRM 930 and
SRM 1930 is provided with a removable front and rear shutter made from flat black Delrin.

Figure 17. Filter holder with removable shutters. From left to right: front and rear view of
the holder body provided with dove-tail grooves; retaining spring with nylon screw
and washer; Schott NG glass filter; two shutters; front view of the filter holder

with front shutter, rear view of the filter with rear shutter; filter holder with both
shutters closed.
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Figure 18. Aluminum alloy filter holder. The retaining spring and the front and rear shutters
are illustrated. Dimensions are given in mm.
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Figure 19. Details of the aluminum alloy filter holder body. Dimensions in parentheses are
in inches. Dimensions not in parentheses are in mm. (Tolerance +0.2 mm.)
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Figure 20. Details of the retaining spring used with the filter holder unit from figure 19.
Material: phosphor-bronze or beryllium-copper. Finish: black oxide. Tolerance:
+0.1 mm. Dimensions in parentheses are given in inches, all others are in mm.
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Figure 21. Details of the front and rear shutters used with the filter holder unit from figure 19.

Material: black Delrin, two pieces for every filter holder. Dimensions in

parentheses are in inches, all others are in mm. Tolerance: +0.1 mm except on
38.0 (1.5 R.
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SRM 930, consisting of three glass filters with nominal percent transmittances of 10, 20,
and 30%T, is stored in a cylindrical black-anodized container for protection (see fig. 22). SRM
1930, consisting of three glass filters with nominal percent transmittances of 1, 3, and 50%T,
is stored in cylindrical blue-anodized containers identical to those used to store SRM 930. Each
glass filter comprising SRMs 930 and 1930 is placed in an individual metal holder. An empty
metal filter holder, also included in SRMs 930 and 1930, should be placed in the reference beam
of the spectrophotometer to provide identical transmittance measuring conditions.

The anodizing process used to produce the flat black layer, which coats the aluminum
alloy filter holders and the cylindrical containers, was examined by Heslin and Hunkeler [32]
for possible degassingof undesirable chemical species thatcould affect in time the transmittance

properties of the glass filters. The results of this study indicate that no such deleterious effect
occurs.

Figure 22. Illustration of SRM 930, Glass Filters for Spectrophotometry, showing the
black-anodized aluminum alloy container for storing three filters in their holders
and an empty filter holder. One of the three glass filters, Schott NG-4, is shown

disassembled with the retaining spring, nylon screw, washer, and the filter holder
with the front and rear shutters.
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S. STABILITY OF SRM 930

As a rule, before taking measurements with the IARD high-accuracy spectrophotometer,
a warmup period of one hour is required. The room temperature is kept at 21 °C + 1 °C, and
the relative humidity is about 35 percent. The particulate matter is controlled through special
filters that rates the room in the 100,000 class.

5.1 Reproducibility of Transmittance Measurements

Seven Schott NG glass filters having nominal percent transmittances ranging from 10%T
to 50%T were placed in the sample-holder carousel of the high-accuracy spectrophotometer and
measured in six replications. The results, given in table 4 (see also Appendix 2), show that
these measurements can be reproduced with a pooled relative standard deviation of 0.010
percent.

Tablc 4. Rcproducibility of Transmittance Measurements on Seven Schott
NG Glass Filters: Numbers 2, 4, 6, 8, 10, 12, and 14

Percent Transmittance
Replication No. 2 4 6 8 10 12 14
1 33.327 21.711 12.236 50.990 33.377 20.906 13.473
2 33.325 21.710 12.237 50.983 33.377 20.903 13.471
3 33.321 21.711 12.241 50.992 33.383 20.900 13.474
4 33.320 21.708 12.240 50.998 33.375 20.901 13.470
5 33.323 21.710 12.239 50.983 33.379 20.901 13.474
6 33.325 21.710 12.238 50.986 33.377 20.904 13.470
Average 33.324 21.710 12.238 50.987 33.378 20.902 13.472
Rel. Percent o 0.0080 0.0051 0.0150 0.0072 0.0083 0.0108 0.0141
Ave. Rel. Percent ¢ 0.010

5.2 Temperature Dependence

The temperature dependence of the transmittance was determined for the same Schott NG
type of glass by measuring the transmittance at a room temperature of 20.5 °C and 25.5 °C and
at 440.0 nm, 465.0 nm, 546.1 nm, 590.0 nm, and 635.0 nm. The results are given in table 5.
From these data, it can be concluded for the type of glass used that the transmittance dependence
on temperature over the tested temperature range, in the spectral interval from 440.0 nm to
635.0 nm, is insignificant. For a variation of +1 °C to 2 °C, this dependence averaged less
than 0.2 percent of the measured transmittance values. The influence of temperature on the
transmittance of glass filters is discussed by A.T. Young [33].
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Table 5. Influence of Temperature on the Transmittance of Seven
Schott NG Filters at Five Wavelengths

Percent Transmittance

255.°C 205 °C
Wavelength Date Date Average
(nm) Difference
1-14 1-15 1-17 1-23 1-22 1-24
9.30 9.29 9.30 9.32 9.32 9.32 +0.02
18.70 18.69 18.70 18.73 1872 | 18.73 +0.03
29.08 | 29.07 29.09 29.11 29.10 29.11 +0.03
440.0 32.95 32.96 32.95 32.96 32.95 32.96 +0.01
9.39 9.89 9.89 9.91 9.91 9.91 +0.02
18.53 18.53 18.53 18.54 18.54 18.54 +0.01
29.15 | 29.15 29.17 29.20 29.20 29.20 +0.04
11.03 11.04 11.04 11.05 11.05 11.06 +0.01
21.06 21.08 21.08 21.09 21.10 21.09 +0.02
32.20 3221 3222 32.24 32.25 32.24 +0.03
465.0 35.62 35.61 35.61 35.61 35.61 35.61 0.00
11.69 11.69 11.69 11.70 11.70 11.70 +0.01
20.92 20.91 20.92 20.93 20.92 20.92 0.00
3227 32.27 32.30 32.32 32.33 32.33- +0.05
9.94 9.95 9.95 9.93 9.93 9.93 -0.02
19.59 19.60 19.61 19.57 19.58 19.57 -0.03
30.69 30.69 30.70 30.67 30.68 30.67 -0.02
546.1 33.76 33.76 33.76 33.70 33.71 33.71 -0.05
10.55 10.57 10.57 10.54 10.53 10.54 -0.02
19.43 19.47 19.48 19.43 19.43 19.44 -0.03
30.74 30.76 30.78 30.75 30.73 30.75 -0.02
8.82 8.82 8.83 8.79 8.80 8.80 -0.02
18.02 18.04 18.04 18.00 18.00 18.00 -0.03
27.62 27.65 27.65 27.62 27.62 27.62 -0.02
590.0 3120 | 3122 31.22 31.14 31.14 31.14 -0.07
9.37 9.38 9.38 9.34 9.35 9.35 -0.03
17.89 17.90 17.90 17.86 17.86 17.86 -0.04
27.69 27.70 27.71 27.68 27.67 27.68 -0.02
9.85 9.86 9.86 9.83 9.83 9.83 -0.03
19.47 19.48 19.49 19.45 19.44 19.45 -0.03
27.74 27.74 27.76 27.72 27.71 27.73 -0.03
635.0 32.65 32.67 32.66 32.59 32.60 32.60 -0.06
10.44 10.44 10.44 10.40 1041 10.42 -0.03
19.34 19.35 19.35 19.30 19.31 19.31 -0.04
27.78 27.80 27.80 27.77 27.77 27.78 -0.02
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5.3  Accelerated Visible Radiation Exposure Test

The stability of the Schott NG glass to visible radiations was tested by exposing three
filters having a nominal percent transmittance of 10, 20, or 30%T to the high intensity radiation
of a source with a spectral distribution similar to the conventional fluorescent lamps used for
the illumination of laboratories. Each high intensity exposure lasted 21 hours and was
equivalent to 21,000 hours of normal exposure. The transmittance measurements listed in table
6 were made before and after each of the two exposures. For each wavelength, the first of the
six columns gives the transmittance of the glass filters before the exposure, and the second
column gives the transmittance measurements after the 21 hours of accelerated exposure. The
percent difference between these two measurements is given in the third column. The same
filters were exposed again for another 21 hours. Column 4 gives the transmittance values
before this exposure, while column 5 gives these values after this second 21-hour accelerated
exposure. The percent difference between these data (columns 4 and 5) is given in column 6.

Transmittance measurements were made at 440.0 nm, 465.0 nm, 590.0 nm, and 635.0
nm. From these data it can be concluded that the Schott NG type of glass tested exhibits an
acceptable stability when exposed to the visible radiation experiment described. Similar
stability tests performed on other neutral glasses have indicated that these glasses were less
stable by a factor of four when compared with the Schott NG glass. Consequently, the Schott
NG material was selected for SRMs 930 and 1930.

Table 6. Percent Transmittance of Three Schoit NG Glass Filters Before and After
Exposure to Accelerated Visible Radiation Test

440.0 nm 465.0 nm
Filter | Before  After % Diff. | Before  After % Diff. | Before After % Diff. | Before  After %
Diff.
1 12.96 12.96 0.0 12.97 12.96 0.08 15.22 15.22 0.0 15.22 15.21 0.07

2 20.53 20.53 0.0 20.52 20.52 0.0 23.23 23.23 0.0 23.23 23.22 0.04

3 34.45 34.43 0.06 34.43 34.42 0.03 3734 37.32 0.05 3732 37.31 0.03
590.0 nm 635.0 nm
Filter | Before After % Diff. | Before After % Diff. | Before  After = % Diff. | Before  After %
» Diff.
1 12.19 12.19 0.0 12.20 12.17 0.25 13.36 13.36 0.0 13.37 13.35 0.15
2 19.61 19.60 0.05 19.61 19.59 0.10 21.03  21.03 0.0 21.04  21.0t 0.14

3 33.44 33.42 0.06 33.43 33.40 0.09 35.02 34.98 0.11 35.01 34.98 0.09




5.4 Transmittance as a Function of Time

The variation of transmittance as a function of time for the Schott NG type of glasses
(NG-4 and NG-5) was determined by using three filters, which constitute our own reference set,
and measuring them over a period of four years. Table 7 presents the results obtained at 440.0
nm, 465.0 nm, 590.0 nm, and 635.0 nm.

Table 7. Stability of Transmittance Measured on SRM 930 as a Function of Time

Wavelength Percent Transmittance
(nm) Date 1 2 3

05-18-71 | 32.87 19.80 11.59
07-12-72 | 32.88 19.83 11.62
08-30-73 | 32.91 19.81 11.59
440.0 11-16-73 | 32.96 19.84 11.61
01-09-74 | 32.98 19.84 11.62
08-01-74 | 32.94 19.84 11.61
01-13-75 | 32.95 19.84 11.62

05-18-71 | 35.53 22.59 13.56
07-12-72 | 35.54 22.62 13.59
08-30-73 | 35.54 22.62 13.59
465.0 11-16-73 | 35.62 22.62 13.58
01-09-74 | 35.63 22.63 13.58
08-01-74 | 35.60 22.62 13.57
01-13-75 | 35.60 22.62 13.58

05-18-71 | 31.13 19.16 10.37
07-12-72 | 31.14 19.20 10.41
08-30-73 | 31.14 19.20 10.41
590.0 11-16-73 | 31.21 19.19 10.40
01-09-74 | 31.21 19.20 10.41
08-01-74 | 31.18 19.20 10.40
01-13-75 | 31.19 19.20 10.41

05-18-71 | 32.55 20.60 11.37
07-12-72 | 32.59 20.65 11.39
08-30-73 | 32.59 20.65 11.39
635.0 11-16-73 | 32.66 20.65 11.40
01-09-74 | 32.68 20.67 11.41
08-01-74 | 32.63 20.66 11.41
01-13-75 | 32.64 20.66 11.40
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The largest difference observed after 4 years of use did not exceed about 3 parts in 1000.
The measurements also seem to indicate a trend toward an increase of the transmittance of these
glass filters. This is in accordance with the known property of glass surfaces to produce a layer
of SiO when exposed to atmospheric conditions. This phenomenon is called "blooming" of the
glass, and the thin SiO deposit which is formed acts as an anti-reflection layer, resulting in an
apparent increase of the transmittance of the glass.

Similar measurements were made on another set of three glass filters over a period of
two years. The results of these transmittance measurements, which are listed in table 8, confirm
the data in table 7.

Table 8. Comparison of Transmittance Measurements Performed on a Set of Three
Schott NG Glass Filters Over a Period of Two Years

Percent Transmittance

Filter Wavelength 1971 1972 1973
Identification (nm) May December April
440.0 11.59 11.62 11.60

10%T 465.0 13.56 13.59 13.57
590.0 10.37 10.40 10.39

635.0 11.36 11.40 11.39

440.0 19.80 ' 19.83 19.81

20%T 465.0 '22.59 22.62 22.60
590.0 19.16 19.20 19.19

635.0 20.60 20.65 20.65

440.0 32.87 32.88 32.92

30%T 465.0 35.53 35.54 35.59
590.0 31.13 31.14 31.20

635.0 32.55 32.58 32.64

The transmittances of several sets of SRM 930 were determined, after several years of
use under routine laboratory conditions, to assess the effect of time and handling on this
parameter. Table 9 presents the results obtained for Set No. 106, certified in 1972. The column
marked T, contains the transmittance values as certified on November 29, 1972. This set was
measured again on February 27, 1974, in an "as received" condition; the transmittance values
obtained are given in the column marked T,. The difference between these measurements is
given in the column marked AT;. The transmittance of these glass filters, after about 2 years
of use in a laboratory, is lower than the certified values, suggesting a possible contamination of
the glass surface. This supposition was verified by submitting the filters to the cleaning
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procedure described previously. The filters were remeasured, and the data obtained are given
in the column marked T, which represent the average of four series of measurements carried
out over a period of three days. The difference between the T; measurements (after cleaning)
and the T; measurements (original certification) is given in the column marked AT,. The AT,
results, which indicate a positive difference, confirm the hypothesis of a surface contamination
of the glass during their use and verify the natural tendency of the glass to cover itself with a
layer of SiO as was already discussed. As mentioned above, the results of this phenomenon is
an apparent increase of the transmittance of the material.

Table 9. Percent Transmittance of SRM 930, Set 106, After Two
Years of Use in a Laboratory

Ty T, T3
Filter Wavelength | As Certified | As Received AT, (Cleaned AT,
Number (nm) (11/29/72) (2/27174) (T,-T)) and (T3-T))
Remeasured)
440.0 9.23 9.23 0.00 9.27 +0.04
1-106 465.0 10.95 10.92 -0.03 10.99 +0.04
590.0 8.77 8.74 -0.03 8.78 +0.01
635.0 9.83 9.80 -0.03 9.84 +0.01
440.0 16.53 16.51 -0.02 16.58 +0.05
2-106 465.0 18.78 18.73 -0.05 18.82 +0.04
590.0 15.00 15.84 -0.06 15.92 +0.02
635.0 17.33 17.25 -0.08 17.33 0.00
440.0 30.02 29.98 -0.04 30.12 +0.10
3-106 465.0 33.37 33.29 -0.08 33.47 +0.10
590.0 2991 29.81 -0.10 29.94 +0.03
635.0 30.90 30.78 -0.12 30.90 0.00

Additional data concerning the stability of SRM 930 are collected from measurements
performed on filter sets that are returned to NIST for verification and, where needed, for
recalibration. Since their issuance in 1971, about 100 sets of SRM 930 have been sold each year
in the United States and overseas and, to date, over 1700 sets have been produced. A number
of users routinely return the filters for verification on an annual basis, as suggested in the

Oartificat, Nl + likrati 1 1
Certificate. Other users request recalibration less frequently. At the present time at least 50 sets

are verified per year.

From the pool of recalibration data, about 85 percent of the sets indicate that the
transmittance values stay within the 0.5 percent relative uncertainty noted in the Certificate. The
remaining 15 percent of the sets show a change larger than 0.5 percent relative; none has shown
a change that exceed 1.5 percent relative.
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In some cases an excellent transmittance stability is demonstrated. For instance, Set No.
100, issued in 1974, has been measured over a period of 19 years in our laboratory. The
transmittances measured on these glasses from 1974 through 1992 are given in table 10. The
transmittance data in 1992 reproduce the initial values in 1974 with differences that exceed 0.5
percent relative only in one case (nominal 10%T filter at 635 nm, table 10a).

Table 10a. Comparison of Percent Transmittance Values Obtained From 1974 to 1992
for SRM 930, Set No. 100, Filter with a Nominal 10% Transmittance

Warvelength
Date 440 nm | 465 nm | 546.1 nm | 590 nm | 635 nm
1974 9.45 11.18 10.12 8.94 10.00
1975 9.45 11.19 10.12 8.94 10.01
1976 9.45 11.19 10.12 8.95 10.01
1977 9.44 11.18 10.11 8.93 10.01
1978 9.45 11.19 10.11 | 8.93 10.00
1979 9.45 11.19 10.12 8.94 10.00
1980 9.45 11.19 10.12 3.94 10.00
1981 9.45 11.19 10.12 8.94 10.01
1982 9.46 11.21 10.14 8.96 10.03
1983 - 9.45 11.19 10.13 8.94 10.01
1984 9.47 11.21 10.14 8.96 10.02
1985 9.46 11.19 10.13 8.96 10.01
1986 9.48 11.22 10.16 8.99 10.05
1987 9.47 11.21 10.14 8.97 10.03
1988 9.47 11.21 10.15 8.98 10.04
1989 9.48 11.22 10.15 8.98 10.06
1990 9.48 11.22 10.15 8.97 10.04
1991 9.48 11.22 10.14 8.97 10.03
1992 9.49 11.23 10.16 8.98 10.06
Rel. %
Change +0.42 +0.45 +0.40 +0.45 +0.60
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Table 10b. Comparison of Percent Transmittance Values Obtained From 1974 to 1992
for SRM 930, Set No. 100, Filter with a Nominal 20% Transmittance

Wavelength
Date 40 nmm | 465nm | 546.1nm | 590 nm | 635 nm

1974 17.48 19.78 18.37 16.78 18.21
1975 17.49 19.80 18.39 16.79 18.23
1976 17.48 19.79 18.39 16.80 18.23
1977 17.48 19.77 18.37 16.78 18.22
1978 17.49 19.79 18.37 16.78 18.22
1979 17.50 19.79 18.38 16.79 18.23

1980 17.49 19.79 18.39 16.79 18.23
1981 17.50 19.80 18.41 16.81 18.23
1982 17.50 19.82 18.42 16.82 18.25
1983 17.49 19.79 18.39 16.80 18.23
1984 17.49 19.80 18.40 16.81 18.24
1985 17.49 19.79 18.40 16.82 18.25
1986 17.51 19.81 18.43 16.84 18.28
1987 17.51 19.82 18.42 16.84 18.27

1988 17.52 19.82 18.43 16.84 18.28
1989 17.52 19.82 18.42 16.84 18.28

1990 17.52 19.81 18.40 16.82 18.26

1991 17.53 19.82 18.40 16.82 18.27

1992 17.51 19.81 18.40 16.82 18.26
Rel. %

Change +0.17 +0.15 +0.16 +0.24 +0.27

All the measurements discussed thus far indicate clearly that the glass filters can be used as
a secondary transfer optical transmittance standard with an uncertainty of <0.5 percent relative.
We would like to briefly mention, however, a case where the glass material exhibited a greater
instability [34]. This property was recorded on several sets of SRM 930b where an instability
with time of about twice the certified uncertainty was observed. This instability was traced to
the initial grinding and polishing of the glass material by the manufacturer. The problem was
eliminated by fine grinding and polishing at the NIST optical shops, and by aging the material
in our laboratory for a least six months before its issuance as an SRM. Further information
concerning the stability of the optical transmittance of glass filters is found in a paper by W R.
Blevin [35].
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Table 10c. Comparison of Percent Transmittance Values Obtained From 1974 to 1992
for SRM 930, Set No. 100, Filter with a Nominal 30% Transmittance

Wavelength
Date 440 nm | 465nm | 546.1 nm | 590 nm | 635 nm

1974 30.85 34.22 32.73 30.60 31.55
1975 30.86 34.25 32.78 30.66 31.60
1976 30.82 34.20 32.75 30.64 31.61
1977 30.81 34.20 32.72 30.62 31.59
1978 30.85 34.19 32.72 30.62 31.58
1979 30.84 34.23 32.76 30.65 31.61
1980 30.85 34.24 32.78 30.66 31.61
1981 30.83 34.23 32.78 30.67 31.62
1982 30.82 34.22 32.80 30.68 31.64
1983 30.81 34.21 32.76 30.67 31.61
1984 30.81 34.19 32.77 30.66 31.61
1985 30.80 34.20 32.77 30.67 31.61
1986 30.84 34.23 32.82 30.71 31.66
1987 30.83 34.22 32.81 30.71 31.67
1988 30.84 34.25 32.82 30.73 31.69
1989 30.83 34.22 32.79 30.70 31.67
1990 30.81 34.19 32.74 30.65 31.63
1991 30.81 34.20 32.74 30.66 31.64

1992 30.80 34.20 32.73 30.65 31.63
Rel. %
Change -0.16 -0.06 0.00 +0.16 +0.25

§.5 Imterlaboratory Transmittance Measurements

A set of SRM 930 was measured at NIST and at the National Physical Laboratory (NPL)
in England by F.J.J. Clarke and his associates using their high-accuracy instrument. Both NIST
and NPL measurements were made with noncollimated, convergent-beam geometry. A
rectangular surface area of the filter, about 3x8 mm, was used at NPL. At NIST, a surface
area of about 8x0.5 mm was used for the transmittance measurements. The results given in
table 11 indicate that an average difference of 0.19 percent of the measured values was obtained
between the measurements carried out at NPL and at NIST.
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Table 11. Comparison of Transmittance Measured on Three Schott NG
Glass Filters at NPL and NIST

%T
Relative Percent
Warvelength NIST NPL Difference
(nm) (NIST-NPL)
440.0 12.92 12.93 -0.08
465.0 14.97 15.01 -0.27
590.0 11.67 11.67 0.00
635.0 12.70 12.72 -0.16
440.0 19.60 19.62 -0.10
465.0 22.37 22.43 -0.27
590.0 19.01 19.01 0.00
635.0 20.41 20.47 -0.29
440.0 32.88 32.98 -0.30
465.0 35.53 35.66 -0.36
590.0 31.13 31.21 -0.26
635.0 32.54 32.62 -0.25
Average relative percent difference -0.19%

Another comparative study, which included three clinical laboratories, was performed to
determine the reproducibility of transmittance measurements on the Schott NG glass filters.
Three filters having nominal percent transmittances of 10, 20, and 30%T were first measured
at four wavelengths on a conventional spectrophotometer at NIST. This instrument included a
double monochromator with quartz prisms used in a double-beam mode, and a transmittance
scale with 1000 divisions between 0 and 100 percent transmittance. The transmittance accuracy
of this scale was established using SRM 930. The same filters, including instructions describing
the technique to be used in measuring their transmittances, were then sent to three laboratories,
arbitarily designated A, B, and C.

The results obtained are summarized in table 12 and include the average percent
transmittance (%T) values, the standard deviation (S.D.), the percent relative standard deviation
(%R.S.D.), and the percent difference (% Diff.). The percent difference values were calculated
using the NIST data as the reference values. This study demonstrates that transmittance data can
be reproduced under actual laboratory conditions with a general uncertainty of less than 1
percent. From the total of 36 transmittance measurements, only 3 measurements exceed 1
percent (all by luboratory B), and this was due probably to inadequate spectral bandpass of the
particular spectrophotometer used.
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Table 12. Comparison of Transmittance Measurements Performed by
Four Laboratories on Three Schott NG Glass Filters

Laboratory A %T
Filter No. 440 nm 465 nm 590 nm 635 nm
1 Ave. | 12.91 14.99 11.68 12.711
S.D. 0.0063 0.004 0.008 0.005
% R.S.D. 0.049 0.027 0.070 0.041
% Diff. | -0.4 -0.07 -0.6 -0.5
2 Ave. | 19.61 22.37 19.06 20.50
S.D. 0.004 0.010 0.004 -
% R.S.D. 0.021 0.046 0.022 -
% Diff. -0.5 -0.3 -0.3 -0.1
3 Ave. | 32.81 35.44 31.12 32.58
S.D.{ 0.0080 0.0080 0.0050 0.0050
% R.S.D. 0.023 0.023 0.017 0.016
% Diff. | +0.3 +0.3 +0.1 +0.2
Laboratory B %'T
Filter No. 440 nm 465 nm 590 nm 635 nm
1 Ave. | 12.91 14.87 11.56 12.59
S.D. - 0.041 0.041 -
% R.S.D. - 0.276 0.36 -
% Diff. | -0.4 -0.9 -1.6 -1.4
2 Ave. | 19.59 22.39 18.90 20.51
S.D. - - 0.053 -
% R.S.D. - - 0.281 -
% Diff. | -0.6 -0.2 -1.1 -0.05
3 Ave. | 32.58 35.23 30.90 32.36
S.D. - 0.093 - -
% R.S.D. - 0.264 - -
% Diff. 04 0.3 0.6 0.4
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Table 12. Comparison of Transmittance Measurements Performed by
Four Laboratories on Three Schott NG Glass Filters (Continued)

Laboratory C %'T
Filter No. 440 nm 465 nm 590 nm 635 nm
1 Ave. | 12.88 14.96 11.66 12.65
S.D. - 0.014 0.011 0.018
% R.S.D. - 0.09 0.09 0.15
% Diff. | -0.6 -0.3 -0.8 -0.9
2 Ave. | 19.54 22.34 19.12 20.37
S.D. - - 0.024 -
% R.S.D. - - 0.13 -
% Diff. | -0.9 -0.4 +0.05 -0.7
3 Ave. | 32.88 35.40 30.97 32.43
S.D. - - - -
% R.S.D. - - - -
% Diff. | +0.5 +0.1 -0.4 -0.2
NIST Laboratory %'T
Filter No. 440 pm 465 nm 590 nm 635 nm
1 Ave. | 12.96 15.00 11.75 12.77
S.D. 0.0053 0.0037 0.0048 0.0057
% R.S.D. 0.041 0.025 0.041 0.045
2 Ave. | 19.71 22.44 19.11 20.52
S.D. 0.0049 0.0052 0.0038 0.0049
% R.S.D. 0.025 0.023 0.020 0.024
3 Ave. | 32.72 35.35 31.09 32.50
S.D. 0.0045 0.0056 0.0040 0.0043
% R.S.D. 0.014 0.016 0.013 0.013
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6. SCATTER, HOMOGENEITY, POLARIZATION, AND POSITIONING OF SCHOTT
NG GLASS FILTERS

The conditions required for a material to be useful as a reference standard were
enumerated ‘at the beginning of this work. Among those mentioned earlier, and which will be
discussed further here, include: freedom of scatter and polarization, and homogeneity.

6.1 Influence of Scatter, Homogeneity, and Polarization on Transmittance

Scatter and homogeneity measurements in polarized radiation were performed on three
Schott NG glass filters by K.L. Eckerle in the Radiometric Physics Division at NIST using the
instrument described in reference 36. All measurements were performed at 546.1 nm, and the
results are given in table 13.

Table 13. Measurement of Scatter, Homogeneity, and Polarization on
Three Schott NG Glass Filters

xy) 0 T(0°) ATR(0°) T(90°) ATR(90°) T(Ave) ATg(Ave)
Set #537 Filter 1

(+1,0) 0.0045 0.10038 0.000014 - - - -
(-1,0)  0.0045 0.10047 0.000015 - - - -
(0,0) 0.0045 0.10042 0.000012 0.10042  0.000012  0.10042  0.000008
(0,00 0.0012 0.10046 0.000013 0.10042  0.000026 0.10044  0.000015
(0,00 0.014  0.10039 0.000013 0.10035  0.000020  0.10037  0.000012

Set #3537 Filter 2

(+1,0) 0.0045 0.19240 0.000023 -- - - -
(-1,0) 0.0045 0.19216 0.000031 -- - -
(0,0) 0.0045 0.19254 0.000022 0.19250  0.000028  0.19252  0.000018
(0,0) 0.0012 0.19252 0.000026 0.19249  0.000021  0.19251 0.000017
(0,0) 0.014 0.19237 0.000024 0.19239  0.000027  0.19238  0.000018

Set #537 Filter 3

(+1,0) 0.0045 0.30875 0.000024 -- -- - --
(-1,0) 0.0045 0.30872 0.000019 - -- -- --
(0,0) 0.0045 0.30877 0.000020 0.30874  0.000028  0.30875  0.000017
(0,00 0.0012 030875 0.000042 0.30874  0.000049  0.30874  0.000032
(0,00 0.014 0.30848 0.000028 0.30847  0.000035  0.30847  0.000023
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The quantities (x,y) are the coordinates of the center of the illuminating spot with respect to
the center of the filter in millimeters when looking in the direction of the source. The
parameter, Q, is the approximate solid angle in steradians. The quantities T(0°), T(90°), and
T(Ave) are the transmittances for the electric vector of the illuminating radiation horizontal,
vertical, and average of horizontal and vertical, respectively, measured at 546.1 nm. Their
respective standard errors are ATR(0°), ATR(90°), and ATg(Ave).

The radiation scatter measurements were made by determining the transmittance of the
filters successively at distances from the averaging sphere of 210 mm, 370 mm, and 715 mm
corresponding to solid angles of about 0.014, 0.0045, and 0.0012 steradians, respectively. The
diameter of the circular entrance aperture at the averaging sphere was 28 mm. To assess the
uniformity of the filters, the transmittance measurements were made at a constant solid angle
of 0.0045 steradians. From the data in table 13 it can be concluded that, within the
experimental measuring conditions, there is no significant change of transmittance produced
by scatter and polarization, and that the Schott NG glass has good homogeneity.

The absence of polarization influence on transmittance was verified, again on a set of
SRM 930, as shown in table 14. This table shows a comparison of transmittance
measurements performed on the same SRM 930 set at 465.0 and 546.1 nm using the two
high-accuracy spectrophotometers at NIST in the Inorganic Analytical Research Division
(IARD) and the Radiometric Physics Division (RPD).

Table 14. Transmittance of a Set of SRM 930 at Two Wavelengths Obtained at NIST
Using the IARD and the RPD High-Accuracy Spectrophotometers

Nominal 30%T Nominal 20%T Nominal 10%T
High- Filter Filter Filter
Accuracy
Instrument 465.0 nm 546.1 465.0 564.1 465.0 nm | 546.1 nm
nm nm nm
IARD 0.3427 0.3280 0.1980 0.1840 0.1120 0.1014
RPD 0.3430 0.3284 0.1983 0.1844 0.1121 0.1015
A(RPD)* -0.00002 | -0.00007 | -0.00008 | -0.00005 -0.00001 -0.00002

* The difference, A(RPD), is the difference in transmittances measured by
illuminating the filters with polarized radiation having the electric vector in

either the horizontal or vertical direction.
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6.2 Influence of Positioning of the Filters on Transmittance

The transmittance error resulting from positioning the glass filter at various angles to
the incident radiation beam was determined. Inthese measurements, the filter was placed
in the high-accuracy spectrophotometer on a vertical holder attached to a 10-cm diameter rotary
horizontal table. This table had a scale divided into 360° with a vernier reading to 5 min, and
was held on the single-sample carriage of the spectrophotometer with a vertical mounting rod.
This remote-controlled carriage has a smooth transversal movement, and the sample positioning
in and out of the beam can be reproduced to within 0.025 mm.

Table 15 presents the comparative results for transmittance measurements made at
590.0 nm on a Schott NG neutral glass filter, 2-mm thick, having a nominal percent
transmittance of 30%T, for normal incidence and for angles of 3°, 6°, and 9°. From these
results it can be concluded that a deviation of up to 3° from a normal incidence position can
be tolerated. Since this parameter is instrument dependent, however, the results from table
15 are valid only for the high-accuracy spectrophotometer used to perform these measurements.

Table 15. Percent Transmittance Measured at 590.0 nm on a Schott NG Glass Filter,
2-mm Thick, Having a Nominal 30% Transmittance for Normal
Incidence and for Angles of 3°, 6°, and 9°

Angle %T
0° 28.13
3° 28.10
6° 28.03
9° 27.98

7. EXAMPLE OF USING SRM 930 FOR TRANSMITTANCE SCALE
VERIFICATION AND CALIBRATION

In another series of tests, a set of SRM 930 was used to verify and correct the
transmittance scale of a conventional spectrophotometer. The difference in scales was
determined hy measuring the transmittances of the certified glass filters on the tested
instrument, and by comparing the results with the certified values. These results are presented
in table 16.
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Table 16. Comparison of Percent Transmittance Measurements Performed on a Schott
NG Filter Using the NIST Inorganic Analytical Research Division Instrument and
a Conventional Spectrophotometer

NIST Conventional Relative
Wavelength (nm) | Instrumen Instrument | Difference %
t Difference

440.0 32.82 32.75 -0.07 -0.21

465.0 35.51 35.40 -0.11 -0.31

590.0 30.98 30.93 -0.05 -0.16

635.0 32.38 32.32 -0.06 -0.19
Average Relative % Difference -0.22

From the data in table 16, it- can be concluded that the transmittance scale of this
conventional spectrophotometer provides transmittances that are lower than the accurate values
by an average difference of 0.22 percent. This average difference can be added to the
measurements made with the conventional instrument to obtain the accurate transmittance
values. Another method to perform the correction is to use an interpolation procedure using
a graph established by plotting on the abscissa the accurate transmittance (or absorbance)
values of SRM 930, and on the ordinate the values found on the instrument for this material.
In this discussion it was implicitly assumed that all other parameters that can affect the
transmittance accuracy have been considered and minimized. The stability of the instrument,
the wavelength accuracy, the spectral bandpass, stray light, and temperature are the parameters
that require special attention. Correction of the transmittance or absorbance scale of a
spectrophotometer should be applied only when these conditions are fulfilled.

8. TRANSMITTANCE TRANSFER STANDARDS FROM THE NATIONAL
PHYSICAL LABORATORY IN GREAT BRITAIN AND THE PHYSICS AND
ENGINEERING LABORATORY, DSIR, IN NEW ZEALAND

The National Physical Laboratory in Teddington, Great Britain, is issuing on a regular
basis semi-transparent evaporated metal filters on fused-silica substrates as transfer standards
in the ultraviolet, visible, and near-infrared spectral ranges. The metal used is a specially
selected nichrome alloy. The exposed metal surface of these filters is not protected. These
filters are certified at any selected densities over the spectral range as required by the user.
Neutral optical glasses of the Schott NG type are also available for work in the visible spectral
range, and those available from stock have nominal absorbances of 0.04, 0.15, 0.25, 0.5, 1.0,
1.5, 2.0, 2.5, and 3.0 [37-39].

57



Neutral glass filters, similar to the NIST SRM 930 discussed in this publication, are
described by Bittar and Havelin. They are certified using a high-accuracy spectrophotometer
designed and built at the Physics and Engineering Laboratory in New Zealand [40].

9. SUMMARIZING REMARKS

The acquisition of meaningful measurements by spectrophotometry requires that every
phase of the chemical processes involved in the analytical procedure, and every parameter of
the instrumental spectrophotometric technique be well-known and understood. The analyst
must be able to assess the importance of these two factors in a quantitative manner, and to
evaluate their individual contributions to the uncertainty of the final measurement. Some of
the parameters involved in the instrumental spectrophotometric technique have been examined
in this publication, and particular attention was given to those instrumental parameters that play
a more significant role: the short- and long-term instrumental stability, the wavelength
accuracy, the spectral bandpass problem, stray radiation, and the transmittance accuracy.
Means and methods have been discussed, and Standard Reference Materials have been
described and produced, that permit to determine to a large extent the magnitude of these
important parameters and to assess and correct their individual contributions toward the
deterioration of spectrophotometric precision and accuracy.

Instrumental stability, wavelength accuracy, adequate spectral bandpass, freedom of
stray radiation, and transmittance accuracy are basic parameters that play a determinant role
in accurate transmittance measurements of a transparent material in the spectral range of
interest. Without the fulfillment of these conditions no accurate transmittance measurements
could be performed. SRMs 930 and 1930 seem to be a useful means to assume that the
measurements are accurate.

The usefulness of glass filters has also been established by the fact that they are used
by several manufacturers of spectrophotometers to establish and monitor the accuracy of the
transmittance scale of their instruments. While the use of SRM 930 and SRM 1930 do not
solve all problems in spectrophotometry, their availability have contributed appreciably to the
production of more accurate and, therefore, more meaningful measurements in all fields where
spectrophotometry is applied.

The production of accurate chemical analytical data, that is the capability to determine
accuratcly the amount of a particular chemical spceics in a given matrix, requires, on the other
hand, spectrophotometric precision, as determined by the instrumental stability and sensitivity.
The accuracy of the analytical measurements is determined in this case by the accuracy
achieved in the preparation of the analytical samples and in the establishment of the reference
curve. These in turn depend on the stability of the chemical reactions involved in the
spectrophotometric process, and on the ability to prepare adequate reference solutions having
accurately known concentrations of the chemical species of interest in a matrix identical to that
of the analytical sample. Under these circumstances, analytical accuracy can be achieved using

58



spectrophotometers which exhibit good stability and sensitivity. The wavelength accuracy, the
spectral bandpass, and the accuracy of the transmittance or absorbance scale play a lesser role
in this analytical application. The lack of accuracy of these parameters could affect the
sensitivity and linearity, and in some cases, the specificity of spectrophotochemical analyses.

Standard Reference Materials 930 and 1930, Glass Filters for Spectrophotometry, are
transfer standards that are calibrated for transmittance, in the spectral range from 440.0 nm to
635.0 nm, using a high-accuracy spectrophotometer which is a primary transmittance standard.
The transmittance values were certified with a relative uncertainty of 0.7 to 0.3 percent,
depending on the transmittance level of the filter. The validity of these transmittance values
with time will depend on the stability of the glass and the conditions under which it is used.
The measurements from table 10 prove that the intrinsic stability of the certified transmittance
values are reproducible, within the uncertainty indicated, over a length of time of at least 19
years. This assumes that the filters have been used with proper care, following the instructions
given in the Certificate. Deviations from these instructions could result in degradation or loss
of accuracy. In particular, the glass surface should never be touched with the fingers, the
filters should not be exposed to dust or corrosive reagents, and when not in use, they should
always be kept in the container provided for this purpose and with the shutters inserted.

Should the glass surface of the filters become accidentally contaminated, no attempts
should be made to wash it, since the user does not have means to determine if this cleaning
treatment has not altered the properties of the glass surface and degraded the accuracy of the
certified transmittance values. Since SRMs 930 and 1930 are transfer standards, the only
means available to determine . their integrity is by remeasuring their transmittance with a
primary standard instrument, and this can be done only with a high-accuracy spectrophotometer
like the one described in this work. Should there be a need to verify the accuracy of the
certified transmittance data, the glass filters may be returned to NIST for verification of the
transmittance data assigned to that particular set, and for cleaning and recalibration if
necessary. Before returning the glass filters, it is recommended that proper arrangements be
made by contacting the Atomic and Molecular Spectometry Group in the Inorganic Analytical

Research Division at NIST to establish the best conditions in which such a verification can be
made.

SRMs 930 and 1930 are delicate and costly units that have required an appreciable
amount of careful work for preparation and certification. These materials should be handled
with great attention to ensure the production of accurate measurements and long life. This is
particularly true when the working conditions in certain laboratories require frequent use of
these SRMs. To protect these reference materials in such cases, it might prove desirable to
produce "in house" secondary glass standards derived from SRMs 930 and 1930, and use these
secondary standards for daily control of the spectrophotometers used in the laboratory. When
these standards indicate a significant change in the measurements, only then should SRMs 930
and 1930 be used as final verification of the data.

Secondary glass standards could be produced by purchasing the optically neutral glass
used for the production of SRMs 930 and 1930, cut to size as described in this publication, and
placed in holders similar to those illustrated in detail in figures 17 through 21. The
transmittance of these filters should be established at the desired wavelengths with the best
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spectrophotometer available in the laboratory after its transmittance scale was verified with
SRMs 930 and 1930.

10. UNCERTAINTY ESTIMATION FOR SRM 930D

The uncertainty estimation for SRM 930d is detailed in the table below. The source
of each estimated uncertainty component in SP 260-116 is indicated in the table, and each is
discussed by number in the text. Uncertainty components for items 1-6 are derived from an
estimate of the range, +a;, with the assumption that the uncertainty is uniformly distributed.
The (normally distributed) standard uncertainty component is then approximated as ai/\/ 3.[41]
Items 2-4 have ranges not symmetrically distributed about zero, but are estimated in the same
fashion, and the negative going components (items 3 and 4) combine in quadrature to yield
the same uncertainty as the positive going component (item 2), so the three are combined as
a single uncertainty component, normally designated as "stability/geometry”.

Table 17. Estimation of Overall Uncertainty fqr SRM 930d

i Description of Standard Uncertainty note u
Component, u;
1 Uniformity of Filter over Designated Area a 0.173
2 Two-year Stability of Filter b
3 Filter Orientation with respect to Optical Axis c 0.140
4 Exposure to Light and Laberatory Atmosphere d
5 Temperature Effects over Permitted Range e 0.115
6 | Instrumental Linearity f 0.058
| Short-Term Reproducibility g 0.010
Overali Estimated Uncertainty, U h 0.515
_——————————————e———e— e
a. Acceptance value for optical homogeneity test described in Section 4.2.2.
b. Estimated from a graphical study of Tables 7, 8, and 10 in Section 5.4.
c. Estimated from the data of Table 15, Section 6.2.
d. Estimated from Table 6, Section 5.3, p. 44, and Table 9, Section 5.4.
e. Estimated from a graphical study of the data in Table 5, Section 5.2.
f. Appendix 2, Figure 16 and related discussion.
g. Table 4, Section 5.1. ,
h. See "Overall estimated uncertainty" below for the error propagation formula
uscd.

1. The reference spectrophotometer irradiates an area of approximately 8 mm by 1 mm,
which is approximately centered in the filter. Users instruments may irradiate an area of
either different size, different location, or both. To cover this eventuality, the filters are
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tested for homogeneity in a densitometer as described in section 4.2.2. The irradiation area
in the densitometer is approximately 1 mm by 4 mm, and the 9 locations examined span an
area of 5 mm by 24 mm. A filter is rejected if the transmittance at any of the eight
peripheral sampling locations differs from that at the center location by 0.3 % relative or
more. Many commercial instruments irradiate an area which is below the centerline of the
cuvette, to better accomodate partially filled cuvettes.

2. The time dependence of filter transmittance in tables 7, 8, and 10 is confounded with
other error components, such as u; and us. However, the data of these tables reveal a clear
increase in transmittance with time, in accord with the proposed explanation discussed in
Section 5.4. A fit of the data of table 7 averaged over all wavelengths and all three
transmittance values is consistent with a possible change in transmittance of 0.25% relative
over the period of time between 0.5 years and 2.5 years following the grinding and polishing
of a filter. Since the filter is aged for 0.5 years at NIST before the final certification, and is
certified for a period of 2 years, this figure is taken as an appropriate estimate of the positive
(increasing transmittance) uncertainty component. If the filter is returned to NIST for
cleaning and recalibration on 2-year intervals, as is recommended, the time drift effect
should be considerably lower over 2-year intervals subsequent to the first one.

3. The transmittance of the filter is a function of angle of incidence because the reflectance
from the entrance and exit surfaces increases with increasing deviation from normal
incidence. From the data of table 15, it may be determined that a loss in transmittance
(negative bias) of 0.2% accomodates a tolerance of +4 degrees of arc in the alignment of the
filter with respect to normal. Furthermore, the /10 converging optics in the NIST reference
spectrophotometer imply that the angle of incidence in the irradiating light varies from
normal to as much as the half-angle of the illuminating cone --- or arctan(0.1/2) =3 degrees
of arc --- off of normal. This negative bias in the IARD spectrophotometer used to certify
SRM 930 may account for the consistent negative bias indicated by table 14 for
intercomparisons with the reference instrument located in the Radiometric Physics Division
(RPD), which employs collimated beam optics.

4. From tables 6 and 9, it is evident that the effect of exposure to light and laboratory
atmosphere is to reduce the transmittance fractionally. The error estimate here is somewhat
subjective, and is designed with the intent that the true value of transmittance fall within the
stated uncertainty limits over the two-year period of certification, assuming that the user has
handled the filters as recommended, and kept them stored in the containers provided for the
majority of the time between infrequent calibrations. Each of the exposures of table 6
represents three years of around-the-clock exposure to typical ambient light levels, so that
this effect is essentially negligible for the recommended procedure. On the other hand, the
estimated error component is less than the effect of laboratory atmosphere indicated by the
data of table 9, especially considering the offsetting effect of error component u,. The
anecdotal data set of table 9 is thus considered to be less compelling than the experience with
NIST reference filters kept in-house over a period of 19 years.

5. A graphical study of the data of table 5 reveals that the relative percent difference

between a transmittance measured at 25.5 °C and at 20.5 °C is clearly a function of both the
wavelength and the nominal transmittance of the filter. The value given is scaled linearly
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from the result of the experiment to the total tolerance of 4 °C (42 °C) considered
acceptable for use of the filter. The temperature effect is most notable for low transmittance
and for the extremes of wavelength certified. Users operating outside of the recommended

temperature range of 21+2 °C may expect to encounter difficulties with the nominal 10%T
filter at the wavelength extremes.

6. The inherent accuracy of a single measurement of the apparent transmittance of a filter or
sample depends on the accuracy of the zero (intercept) and the linearity of the detector
response, as well as the stability of the source during the measurement of the incident and
transmitted intensities. The NIST spectrophotometer is nulled frequently to <0.01% of the
full scale reading for the incident light, which approaches 0.1% relative for the worst case
and the 10 %T filter. The linearity of the detector was evaluated initially using the double
aperture method as described in Section 1.1 and Appendix 2, and a polynomial correction
function was fitted and incorporated into the measurement system. The linearity is
periodically confirmed by means of the double-aperture method, and has been found to be
stable. Every transmittance is computed from a measured transmitted intensity and two
bracketing measurements of the incident intensity (blanks), with the measurements made at
time intervals of approximately six seconds. Thus, the incident intensity at the time of
measurement of the transmitted intensity is a linear interpolation of two values measured at
twelve second intervals. The absolute accuracy of this estimate of incident intensity depends
on any drift in lamp intensity being linear over this time period.

7. This value represents a pooled estimated standard deviation of the measured transmittance
for 6 replications using 7 filters (35 degrees of freedom), reported in table 4, Section 5.1,
and is probably dominated by photon shot noise, or the random Poisson distribution of
photon statistics.

10.1 Overall Estimated Uncertainty

The expanded uncertainties of the certified transmittance values, U, are given in relative
percent, as determined from the component standard uncertainties (i.e., estimated standard
deviations) and a coverage factor k=2 based on the t-distribution for infinite degrees of
freedom. The expanded uncertainty defines an interval within which the unknown value of
the transmittance can be asserted to lie with a level of confidence of approximately 95
percent. This uncertainty includes "Type A" uncertainties, which are evaluated by statistical
methods (item 7 in the table), and "Type B" uncertainties, which are evaluated by other
means (items 1-6 in the table). The uncertainties are combined by the root-sum-of-squares
method. The methods used to treat uncertainties are described in NIST Technical Note
1207[41].
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Note

This work is a revised and augmented edition of an earlier NBS-SP 260-51
publication issued in 1975 on the selection, preparation, certification and use of SRM 930
"Glass Filters for Spectrophotometry”" [14]. To the material included in this early work, an
appreciable amount of new data, mainly from references 15 and 16, were incorporated in
this updated edition which includes a description of the new Standard Reference Material
1930 issued in 1987. SRM 1930 extends the transmittance range of SRM 930, issued in

1971, by providing three neutral glass filters having nominal percent transmittances of 1, 3,
and 50%T.
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Comments on Spectrometry Nomenclature

Sir: As an optical physicist who collaborates with anaiyt-
ical chemists in the development and use of absorption and
luminescence spectrometers, I have become increasingly
aware of the fact that our vocabularies are not always the
same. Although some of these differences have been point-
ed out before (1) it seems worthwhile to familiarize the
readers of this journal with the currently prevailing termi-
nology of physical optics. Perhaps the following comments
may be helpful to editors, authors, and nomenclature com-
mittees in establishing a common and consistent terminol-
ogy that can be used in all branches of spectrometry and
would save readers a good deal of puzzlement and reading
between lines. The main purpose of these comments is to
emphasize the need for interdisciplinary efforts in defining
spectrometry nomenclature without perpetuating the in-
consistencies that exist at present. They do not represent
an official position of the National Bureau of Standards.

The basic concept of modern optical terminology (2, 3) is
to combine nouns and adjectives in order to describe quan-
tities and properties as explicitly as necessary, rather than
using glossaries of short names for them. This “Chinese
Restaurant” method of nomenclature (4) offers flexibility
in introducing new terms, and has.recently been extended
to include the photon quantities used in photochemistry
and similar disciplines dealing with the interaction of light
and matter (5).

The basic list of nouns describing the transport of energy
according to the laws of geometrical optics is:

Energy, Q.

Energy density, u = d@Q/dV. Energy per unit volume.

Flux, ® = dQ/dt. Time rate of energy flow.

Flux density, W = d®/dA. Flux per unit area.

Intensity, I = d®/dQ. Flux per unit solid angle.

Sterance, L = d2®/d(Acos0)dQ. Flux per unit projected

area and unit solid angle.

(A number of alternative and additional terms have been
proposed. For example: pointance to replace the continual-
ly misused term intensity, incidance and exitance, or inci-
dent areance and (transmitted, emitted, etc.) areance for
the flux densities arriving at and leaving a surface; steri-
sent for the sterance generated per unit path length by
emission or scattering into the direction of propagation;
and fluence for the surface energy density incident upon a
volume element irradiated from within a large solid angle
of rays (F. E. Nicodemus, private communication). As these
have not yet been accepted generally, they were not includ-
ed here. However, the new term sterance was included as it
avoids the misnomer photon radiance that has appeared in
papers on luminescence spectrometry.)

These nouns are modified by the adjective radiant, and
the above symbols are written with a subscript ‘e’ (for ener-
gy), when radiometric units are used. The modifiers lumi-
nous and photon are used in conjunction with subscripts
‘v’ (for visual) and ‘p’ (for photon) to indicate the use of
photometric and photon units, respectively. For example:

Radiant energy density, u.[J m~3].

Luminous intensity, I [lm sr~1].

Photon sterance, Ly[Em~2sr~1g71].

(The basic unit for photon energy used here is the einstein

[E], defined as one mole of photons. It is not an SI unit, but

is used so extensively in photochemistry and photobiology -
that its acceptance as a supplementary SI unit may be de-

sirable.)

The additional modifier spectral and subscripts A and ¢
are used to denote derivatives of radiometric and photon
quantities with respect to wavelength and wavenumber, re-
spectively. Thus:

Spectral radiant energy density, uey = due/dr [J m™4].

Radiant energy density per unit wavelength interval.

Spectral photon intensity, I, , = dI,/de [E sr~! s~1 m].

Photon intensity per unit wavenumber interval.
Any of these can be modified further; such as: fluorescence
photon flux, transmitted spectral radiant flux density, or
absorbed luminous energy. Usually, it is possible to drop
most of the modifying adjectives as well as the subscripts e,
v, or p, once the context has been clearly established or
whenever a distinction is not necessary.

The same method of nomenclature also provides a sim-
ple and logical way of specifying the precise meaning of the
quantities and material properties commonly measured in
analytical spectrometry. Thus radiant absorptance ae and
photon absorptance ap should be used for the ratios of the
radiant or photon fluxes absorbed by a sample to those in-
cident upon it, when measured with a large bandwidth so
that these two ratios are not the same. On the other hand,
spectral absorptance a()) is sufficiently accurate in the
case of measurements made with a small bandwidth. Simi-
larly, luminescence yields (the ratios of the radiant or pho-
ton fluxes emitted by a sample to those absorbed by it)
should be designated as radiant yield n. or photon yield y,
(not energy yield or quantum yield). In this case, spectral
radiant yield, e, = dn./do, and spectral photon yield, n,, ,
= dny/do, are different quantities even in the limit of infi-
nitely narrow bandwidths, and thus should be referred to
by these names.

[The dependence on wavelength or wavenumber is indi-
cated by a subscript (np,,) when the spectral distribution is
defined as a derivative, but in functional form [a())] in the
case of spectral distributions that are not derivatives. This
is an important distinction that must also be borne in mind
in the presentation of spectra. The positions of the peaks
and valleys in derivative spectra depend on the units used,
so that these should not be published in the form of a single
graph with dual scales {such as wavelength and wavenum-
ber, or spectral radiant and photon yield).]

In addition to this general description of current optical
terminology, the following comments are made in direct
reference to the nomenclature list in the December 1975
issue of Analytical Chemistry (6).

1) This list cautions not to use optical density instead of
absorbance, but defines the latter as “the logarithm to the
base ten of the reciprocal of transmittance”—which is the
definition of optical density. Internal transmittance
should have been substituted for transmittance in this def-
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inition of absorbance. The International Lighting Vocabu-
lary suggests transmission density and internal transmis-
sion density instead of optical density and absorbance.
This is more determinative, and also fits into a general
scheme where reflection density is defined as the negative
logarithm to the base ten of reflectance. On the other hand,
transmission and reflection density are operational quan-
tities that merely express measured data on a logarithmic
scale, whereas absorbance is directly related to molecular
constants through the Lambert-Beer and Strickler-Berg
equations. Thus, in my opinion, it should be retained as a
separate term. I believe that all confusion would be avoided
by defining:

Transmittance, 7. Ratio of the flux transmitted by a
sample to the flux incident upon it.

Internal transmittance, 7. Transmittance exclusive of
losses at boundary surfaces and effects of interreflec-
tions between them.

Transmittance density, D = —logior. Negative loga-
rithm to base ten of transmittance.

Absorbance (Internal transmission density), A =
—logio7i. Negative logarithm to base ten of internal
transmittance.

2) The definitions of absorptivity in chemistry and phys-
ics are not the same. In chemistry, it means absorbance per
unit path length and unit concentration (A/bc), whereas
the International Lighting Vocabulary (2) defines it as in-
ternal shearptance per unit. path length (do;/dh). Similarly,
it specifies transmissivity as internal transmittance per
unit path length and reflectivity as the reflectance of a
thick layer (so that a further increase in thickness will no
longer change its value). Generally, terms ending in -ance
represent sample properties, whereas terms ending in -ivity
denote material properties that are independent of sample
geometry. The quantity A/bc does not fall in this latter cat-
egory as it is also independent of sample concentration.
The International Union for Pure and Applied Chemistry,
apparently aware of this discrepancy, has suggested calling
it absorption coefficient. However, as this name has been
given different and mutually inconsistent meanings in the
past, a less ambiguous word—perhaps specific absorbance—
would have been better. Therefore it is proposed to define:

Absorptivity, a = de;/db [m~1]. Internal absorptance per
unit path length.

Specific absorbance, ¢ = A/bc {kg~! m?]. Absorbance per
unit path length and unit concentration.

Specific molar absorbance, ¢y = A/bcr [mol™! m?]. Ab-
sorbance per unit path length and unit molar concen-
tration.

3) The December 1975 nomenclature list also implies
that the Beer-Lambert laws are the same. The correct defi-
nitions are:

Beer’s law: Absorbance is proportional to concentration.

Lambert’s law: Absorbance is proportional to path
length. Also called Bouguer’s law.
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4) The definition of the dngstrém unit in terms of the
red line of cadmium has been abrogated several years ago.
It is now defined as 1070 m, exactly. However, the &ng-
strém is not an SI unit, and has been sanctioned by the In-

" ternational Committee on Weights and Measures only as a

supplementary unit that will eventually be abandoned (7).
Therefore, authors should be encouraged to use microme-
ters or nanometers.

5) The December 1975 list defines spectrometry as the
“measurement of spectra”, but restricts the meaning of
spectrometer to “instrument with an entrance slit, a dis-
persing device, and with one or more exit slits . . .”. As this
excludes non-dispersive and slit-less instruments, such as
Fourier and Girard spectrometers, it would be more consis-
tent to call any instrument used for spectrometry a spec-
trometer. Therefore:

Spectrometer: Instrument for the measurement of spec-

tra.

The general term for instruments that measure spectral
distributions of radiometric quantities is spectroradiomet-
er. However, as this implies measurements in absolute
units, spectrometer is a better term for the simpler, usually
ratio-forming instruments used in analytical spectrometry.
Thus, a spectrophotometer could alsa be called absorption
spectrometer, and fluoroescence spectrometer would end
the controversy of spectrofluorimeter vs. spectrofluor ome-
ter.

(Strictly speaking, the word spectrophotometer is a mis-
nomer. A photometer is an instrument that measures lumi-
nous flux in lumens. Since the adjective luminous implies
the integral effect of visual radiation as perceived by the
human eye, the spectral analysis of luminous flux has no
physical meaning. However, in view of the firmly estab-
lished meaning of specirophotometer, it is not suggested to
change it, although a scanning of the recent literature
shows an increasing usage of absorption spectrometer.)
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An Accurate Spectrophotometer for Measuring the

Transmittance of Solid and Liquid Materials

R. Mavrodineanu

Analytical Chemistry Division, National Bureau of Standards, Washington, D.C. 20234
(May 31, 1972)

The optical transmittance of solids and liquids as well as the molar absorptivity of various chemical
species are parameters of fundamental significance in characterizing these materials. Meaningful trans-
mittance data can be obtained only when the measurements are performed with well-known accuracy
and precision. To perform such measurements, a high accuracy spectrophotometer was designed and
assembled at NBS, Analytical Chemistry Division, and will be described in this paper. This single-
beam instrument is composed of a constant radiation source, a monochromator, a sample carriage, an
integrating sphere-photomultiplier assembly followed by appropriate electronics, and a read out system
consisting of a digital voltmeter and a computer data acquisition and handling provision. The accuracy
of transmittance measurements is determined by the light-addition principle used in conjunction with a
two-aperture arrangement. The spectrophotometer can be used in manual or autematic modes of opera-
tion. A detailed discussion of the data obtained with this instrument, used in both modes, will be pre-
sented together with its application to the certification of solid and liquid Standard Reference Materials
for checking the photometric scales of conventional spectrophotometers.

Key words: Absorbance; automation of accurate spectrophotometer; instrumentation, spectrophoto-
metric; spectrophotometry, high accuracy; standard reference material in spectrophotometry;

transmittance.

I. Introduction

Optical transmittance is due to an intrinsic property
of matter and characterizes a particular transparent
material. Since this parameter is not known a priori, it
must be determined by experimental procedures.

True transmittance values can be obtained only by
using accurate measuring techniques and by taking
into consideration all factors which can affect and dis-
tort the data.!

1 The omicnl

of a solid ial includes the refl losser which occur
at the air-solid interface.
The internal transmittance is defined as the of lhe ms rial d for

reflection losses (2). This internal an be cal
transmittance by using lhe well knovn Fresnel equunonu (l pp. 98 lo 100),

For collimated the R, fora ial with an index of refraction, n,
and an ab ¥ length, A, is given through:
(nv—1)2+n} al.
(m+1)*+nf a}
For a nonabsorbing material and collimated radiation:

le from the

ity, a. at

R\=

_lm=ip
Tim+ 1)’
For glass, n is approximately 1.5 in the visible region of the spectrum, and R will be about

4 pecrcent at e in gl interface.
When noncollimated radiation is used:

Rl_sin’{a—ﬂ)x
27 sint (a+ )
fos perpendicular polarized radistion, and

tan® (a— B

vy IS

=

for parallel polarized radiation, where a and g are the angles of incidence and refraction,

respective
l:eoolhnlxy-ud radiation and in sir. a=8=0and Ri=Rli=R.

Transmittance is the ratio of two radiation flux in-
tensities. It is therefore necessary that the photometric
scale of the spectrophotometer used to perform the
measurements be accurate. The transmittance of a par-
ticular material is also a function of wavelength; hence
the wavelength scale of the monochromator should also
be accurate, and appropriate spectral bandpasses
should be used. The measurements should be made
using collimated radiations. Such radiations define un-
ambiguously the aciual path lengih through the trans-
mitting medium, the reflection losses, and eliminate
the effects of polarized radiations that are produced at
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